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Chapter 1 - Introduction 
1.1 Background 
Optical fiber telecommunication plays a key role in our daily 
life and has allowed the internet era. In early days, optical fiber 
telecommunication was established based on point-to-point optical 
links that generally consisted of one light source at the transmitting 
end, one photodetector at the receiving end, and a single optical 
fiber that connects the two terminals [1]. 
 
Wavelength-division multiplexing (WDM) [2-5] or Dense 
WDM (DWDM) [6] optical communication systems have been 
introduced as an immediate solution to improve the capability of the 
point-to-point fiber telecommunication system. A WDM system 
allows increasing the capacity of the optical fiber without replacing 
the fiber cable plant, thus being an economically viable solution. 
This is possible as WDM enables different independent 
wavelengths (channels) to be transported along the same optical 
fiber as if each wavelength was being carried by a dedicated fiber, 
producing a huge increase of overall data bandwidth. 
 
A narrowband optical filter is a key component of a WDM 
system. The filter is applied for selecting or adding one channel 
from the wavelength-multiplexed signal. It is crucial that signals 
outside of filter passband are sufficiently suppressed in order to 
avoid cross talks among neighboring channels. In addition, if the 
efficiency of the filter in the passband is high then it will reduce the 
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need of optical amplifiers. Figure 1.1 pictures the functional 




Figure 1.1: Add and drop filter characteristics. 
 
An add and drop filter for WDM or DWDM has several 
specifications, including: 
- Center wavelength located at around one of the 
telecommunication windows, e.g. 1550 nm 
- High filter efficiency, i.e. optical conversion vs. electrical 
power 
- Narrow bandwidth (FWHM), still large enough to allocate 
the channel bandwidth 
- Low “cross-talk”, i.e. high side mode suppression 
- Polarization insensitivity 
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In addition to those, with the advent of reconfigurable WDM or 
DWDM systems, the filter should possess wavelength tunability, 
either for functionality reasons in tunable networks or for reducing 
spare-parts inventory in fixed wavelength networks. Acousto-optic 
(AO) filters can meet these requirements, thus have the potential to 
become widely used devices in optical communication systems. 
 
In this thesis we will investigate and develop a new class of 
integrated (waveguide) AO filters based on domain inverted 
superlattices. The building blocks of the integrated AO filter include 
a polarization converter and two linear polarizers at the input and 
output of the converter. The polarization converter allows a rotation 
of the polarization selected by the input linear polarizer through an 
AO interaction. The second polarizer sets the transmission of the 
device depending on the polarization rotation. The polarization 
converter is based on a piezoelectric (acoustic) medium with also 
good optical properties to make a low loss optical waveguide, in our 
case LiNbO3. That combines acoustic, optical and the possibility to 
create domain inverted piezoelectric superlattices. 
1.2 State-of-the-art and novelty of the thesis 
1.2.1 Surface acoustic wave devices 
The acoustic transducer is a key component in AO filters since 
it allows generating the acoustic wave from the electrical signal. 
The acoustic wave will then interact with the optical wave to 
produce the designed AO interaction. In the case the AO interaction 
takes place in an optical waveguide, it is necessary to generate a 
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surface acoustic wave (SAW). Interdigitated transducers (IDTs), 
which were introduced for the first time by White and Voltmer [7] 
are widely used for SAW generation, hence in integrated 
(waveguide) AO filters. As the voltage is applied to two series of 
electrode fingers, the electric field between the fingers penetrates 
into the substrate and, due to the piezoelectric coupling, an acoustic 
wave can be excited. Conversely, when the acoustic wave is present 
in the material, due to the inverse piezoelectric effect, it can be 
transformed back to electric field and voltage. Therefore, the IDTs 
can simultaneously operate as a transmitter and receiver of time 
dependent electrical signals. Nowadays, SAW finds a wide range of 
applications, in particular in RF-electronics, where SAW devices 
are used for signal processing and frequency filtering [8]. 
 
The SAW frequency ( fR ) depends on the intrinsic SAW 
velocity ( vR ) of the piezoelectric medium and on the electrode 
geometry given by the period (Λ), according to the following 
expression 
 
 fR = vR / λR   (1.1) 
 
where λR  is acoustic wavelength and λR = 2Λ . The SAW velocity 
( vR ) strongly depends on the crystal orientation of the piezoelectric 
material. Typical velocities of acoustic waves range from 3000 m/s 
to 6000 m/s for ferroelectric crystals such as LiNbO3 substrate. The 
operating frequency ( fR ) could be increased either by increasing vR 
or by decreasing Λ. Attempts to reduce the period (Λ) to increase 
the operating frequency would be limited by the processing 
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technology that is currently available, namely photo lithographic 
process. For example to fabricate 0.8 microns of feature size with 
standard photo lithography processes is not easy, if not impossible. 
The maximum achievable frequency of most existing SAW devices 
based on IDTs is thus in practice estimated to be approximately 2 
GHz. The limitation due to fabrication could be overcome by 
utilizing more advances fabrication techniques, such as electron 
beam lithography. However these techniques are not economic 
enough for large-scale production.  
 
Several authors have also tried to increase the operating 
frequency by investigating SAW propagating with higher acoustic 
velocity vR, such as leaky SAW (L-SAW). The velocity of L-SAW, 
for example propagating in 36 YX-cut LiTaO3 substrate, is about 
4100 m/s [9]. From a practical point of view, L-SAW may be 
achieved using layered configurations where a piezoelectric thin 
film, such as ZnO, is deposited onto non piezoelectric medium like 
sapphire, diamond, and silicon carbide, with the latter functioning 
only as the medium for the interaction between the acoustic and 
optical waves. However, piezoelectric films deposited by sputtering 
are polycrystalline, that means the propagation loss tends to be 
higher than that in monocrystalline bulk material. Furthermore, 
surface-wave properties, such as velocity and coupling coefficient, 
are also sensitive to the thickness of the film, and, consequently, the 
thickness of the film needs to be precisely controlled.  
 
Instead of using polycrystalline material, some authors use 
monocrystalline bulk substrates to excite different kinds of high 
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velocity SAW, longitudinal L-SAW (LL-SAW) being an example 
[10], [11]. The phase velocity of LLSAW is around 6100 m/s. The 
LLSAW exists in certain highly anisotropic crystal materials, such 
as lithium tetraborate (Li2B4O7) [12]. The LL-SAW may also exist 
in LiTaO3 and LiNbO3, only when relatively thick electrode 
gratings are present [13]. 
 
In this thesis a new approach for SAW excitation will be 
employed. The main aim is to achieve higher efficiency in AO 
devices besides improving the operating frequency. Here, instead of 
using standard interdigitated metallic fingers deposited on 
homogenous piezoelectric substrate to generate the SAW, the so-
called acoustic superlattice (ASL) is employed. 
 
The building block of the ASL is a ferroelectric crystal where 
its domains are inverted using ad-hoc electrical poling techniques. 
Due to domain inversion, all odd rank tensors, e.g. piezoelectric 
tensors, change sign, from positive to negative from one domain to 
the next, whereas all even rank tensor, such as refractive index, 
elastic constant, are unaltered. When an alternating time-variant 
uniform external electric field is applied, the domain walls will be 
subjected to a periodic strain because of periodic change of 
piezoelectric coefficient, effectively resulting in a sound source. 
This is the basic principle of acoustic wave excitation in ASL. 
 
The configurations of ASL can be divided into two schemes 
depending on the direction of electric field, namely “in-line” when 
the electric field is parallel to the propagation direction, whereas 
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“crossed-field” scheme when the field is perpendicular to the 
direction of wave propagation [14], [15]. The advantage of the ASL 
approach consists in the fact that the SAW can be launched using 
uniform electrodes, such as coplanar electrode configuration. In 
ASL, the SAW frequency is inversely proportional to the period of 
the domain inverted grating, following Eq. (1.1) with λR = Λ . That 
means the operating frequency of the acoustic transducer that can be 
achieved is in principle twice the frequency that can be obtained 
from standard IDTs with the same period. Therefore the ASL 
approach has great potentials in AO applications and high operating 
frequency. 
1.2.2 Acousto-optic filters 
Depending on the acoustic wave utilized in the AO interaction, 
AO filters can be divided into two main categories: bulk AO filters 
[16-23] and integrated (waveguide) AO filters [24-32]. Bulk AO 
filters involve interaction between a bulk acoustic wave and the 
optical field whereas integrated AO filters rely on surface acoustic 
wave (SAW) interacting with optical signals that propagate inside 
an optical waveguide. The bulk AO filters usually consist of a thin 
piezoelectric acoustic transducer, e.g. made of LiNbO3, to generate 
acoustic wave that is attached to a single domain AO crystal (Bragg 
cell), e.g. made of TeO2. Despite a steadily improvement [17] in 
performance ,since they were introduced for the first time [23], bulk 
AO filters still suffer from fabrication issues, e.g. expensive, low 




Current state-of-the-art integrated AO filters comprise an IDT 
for SAW generation and an integrated optical waveguide (Figure 
1.2.1). Such filter devices are mostly based on a collinear AO 
interaction resulting in a wavelength-selective polarization 
conversion [30]. At the beginning the integrated AO filter devices 
had poor performance, i.e. the RF power requirement for complete 
conversion was significantly high [33], [34]. This problem was 
mainly related to the large aperture of the IDT to avoid diffraction 
of the generated SAW, which meant that only a small percentage of 
the elastic power overlapped with the optical waveguide [35]. 
Additional SAW beam spreading could even worsen the overall 
performance of the device [34]. 
 
 
Figure 1.2: Integrated AO filter. 
 
In references [27-29], [36], [37] improved filter configurations 
have been proposed, making use of an acoustic waveguide to form a 
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doubly confined structure as a solution to the aforementioned 
problems (Figure 1.2). The SAW waveguide, e.g. Ti strip [37] or Ti 
slot [36] waveguide, is laterally guided and confined, yielding large 
acoustical power density even at low or moderate power levels and 
also leading to a significant increase in the interaction length.  
 
The purpose of our work is, on the one hand, to make 
monolithic devices (i.e. the piezo and acousto-optic functions are 
realized in the same medium) and, on the other hand, achieve 
waveguide configurations, which can in principle be more efficient. 
To reach these goals the aforementioned ASL structure is employed 
where a SAW interacts with an optical guided mode in an electrode-
free region. This can lead to significant benefits in terms of optical 
insertion loss for the devices. 
1.3 Objectives 
The main objective of this project is to investigate micro-
structured optical materials, which can induce, guide and process 
both acoustic waves, i.e. SAW, and optical waves, which will be 
used to produce efficient integrated AO devices. The engineering of 
acoustic properties in optical media on the wavelength scale can 
open up a new way of AO interactions, with associated exciting 
basic physics phenomena, that can result in efficient AO devices to 
be exploited in the optoelectronics industry.  
 
The materials that will be used are ferroelectric crystals, such 
as lithium niobate (LiNbO3), in which the electrical and mechanical 
fields are mutually coupled through the piezoelectric effect. LiNbO3 
Chapter 1 
 10
has proven to be of particular interest in both fields of optics and 
acoustics due to its numerous physical properties as it possesses, 
e.g., strong piezoelectric, electro-optic and AO coefficients. 
Therefore LiNbO3 is widely used in integrated optics, also because 
low loss optical waveguides can be conveniently fabricated through 
well-established techniques, such as proton exchange (PE), and Ti 
indifussion (Ti-LiNbO3). 
 
A new approach is proposed for SAW generation that uses the 
so-called ASL, i.e. a micro- or nano-structured domain engineered 
ferroelectric crystal, instead of the commonly used uniform bulk 
piezoelectric substrate with interdigitated (IDT) electrodes. Apart 
from improving SAW generation in terms of operating frequency, 
the proposed approach will allow launching SAW using uniform 
electrodes. Optical waveguides will then be incorporated in the ASL 
structure with the aim of achieving and integrated AO structure, 
which will have two important features: (i) they will be monolithic, 
i.e. the generation of acoustic wave and their interaction with 
optical waves take place in the same medium; (ii) the region where 
the optical waveguides are located can be free of any metallic 
electrode, hence produce low insertion loss. 
1.4 Thesis outline 
This thesis outline is as follows. After giving an introduction on 
the background of the project, in chapter 1 we have described the 
state-of-the-art and the novelty of the thesis by presenting the 
objectives of the work. 
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In chapter 2, we present the basic theory of SAW and its 
possible applications to AO filters. We will start presenting in 
detail the governing equation as well as the characteristics of SAW 
in piezoelectric media. We will then present the analysis of 
integrated (waveguide) AO filters with particular focus to the AO 
interaction in a collinear scheme.  
 
In chapter 3, we present the modeling and design for both 
ASL acoustic transducers and ASL based AO filters. We will 
start deriving analytical models to calculate the modal propagation 
of the SAW excitation in the ASL transducer. Subsequently, for a 
correct interpretation of the results, some features of FEM 
implementation in COMSOL MULTIPHYSICS will be presented. 
The impulse response model will also be derived for the ASL 
transducer to analyze the efficiency of SAW generation. 
Furthermore, we also present FEM simulation to analyze the 
propagating mode in Ti-LiNbO3 channel waveguide. Finally, these 
modeling tools will be used to design AO filters. 
 
In chapter 4, we describe the fabrication process of the 
designed devices as well as the characterization techniques and 
set-ups. We will start presenting the fabrication processes of the 
ASL structure and of the coplanar electrodes. After that we will 
give a brief description of the Ti-LiNbO3 channel waveguide 
fabrication and RF characterization of the ASL transducers. The 
scheme of laser interferometry measurement is presented for 
imaging the SAW displacement. Finally, we present the optical 
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characterization setup of the AO filter response (loss and 
conversion efficiency measurements). 
 
In chapter 5, we present and discuss experimental 
measurements and results of fabricated ASL transducer and the 
corresponding AO filter. We will also propose and demonstrate 
different ways of optimizing the filter’s performance, particularly 
with respect to the filter efficiency in terms of driving RF power. 
 
In chapter 6, the results obtained throughout this work are 
briefly summarized, and we also present the future outlook 
regarding the improvement of the AO filters as well as other 
possible applications of the ASL transducer. 
 13 
Chapter 2 - Basic theory 
2.1 Introduction 
This chapter describes the basic theory of surface acoustic 
waves (SAWs) in piezoelectric materials, e.g. in LiNbO3 crystals, as 
well as the application principles of the SAW in acousto-optical 
(AO) filters. Along the way, several basic definitions on SAW, AO 
interaction and also the standardized terms in relation to these fields 
will be provided. The content of this chapter will be used to 
understand and compare the underlying principles and assumptions 
of the modeling tools, which will be developed in the following 
chapter. The same concept and modeling will be essential to design 
the devices used in the experiments. Therefore, one could consider 
this chapter essential to understand the rest of the work contained in 
this thesis. 
2.2 Surface acoustic waves in piezoelectric media 
2.2.1 Elastic wave 
A solid body deforms when subjected to external forces. If it 
returns to its original form when the forces are removed, it is said to 
be elastic. Therefore, elastic waves carry energy from one point to 
another in a medium without causing permanent deformation of it. 
Generally, elastic waves can be classified in two very basic forms 
depending on the direction (polarization) of mass displacement in 
the medium with respect to the direction of the wave, namely shear 
waves and longitudinal waves. Shear waves are elastic waves with 
polarization perpendicular to the propagation direction, whereas 
Chapter 2 
 14
longitudinal waves also known as compression waves, are elastic 
waves with polarization parallel to the propagation direction. With 
respect to the surface of the medium, shear waves can be 
categorized into shear horizontal and shear vertical, respectively. 




Figure 2.1: (a) Shear vertical wave (b) Shear horizontal vertical 
wave. (c) Longitudinal wave. 
 
2.2.2 Acoustic wave terminology 
In a solid material the elastic wave or acoustic wave involves 
changes of the relative positions of the particles from the 
equilibrium state, named displacements 21 ,uu  and 3u  for a given 
point with coordinates ),,( 321 xxx . The displacement is generally a 
function of position and time. The mechanical state of the acoustic 
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wave is described by two second-order tensors, the strain S and the 
stress T. 
 
The strain is the displacement per unit length, which is related 
to the internal forces that tend to return the material to its 
equilibrium, unstrained, state. A displacement or rotation of the 































with i, j = 1,2,3. The strain as described in Eq. 2.1 is a 
dimensionless ratio and is symmetrical. Thus only six of the nine 
tensor components are independent. 
 
The internal forces that accompany the strain are described by 
the stress, which may be defined as the force acting on a unit area 
(N/m2). Similarly to the strain, the stress tensor is also symmetric, 
that is jiij TT = . 
 
In piezoelectric materials such as LiNbO3 - the crystal 
considered in this thesis - the mechanical stress and the strain are 








where Eijklc  denotes the stiffness tensor for constant electric field, kije   
is the piezoelectric tensor, and kE  is the electric field. Similarly for 
the electromagnetic term, the electric displacement D is usually 
determined by the field E and the permittivity tensor ijε , but in 




iji SeED += ε  (2.3) 
 
where Sijε  denotes the permittivity tensor for constant strain.  
 
The stiffness and piezoelectric tensors are of the fourth and 
third order, respectively. Because of the symmetry of the strain and 
the stress tensor previously outlined, the stiffness components do 
not change if i and j are interchanged, or if k and l are interchanged, 
so that 
 
 jiklijkl cc ≡  and ijklijlk cc ≡  (2.4) 
 
Therefore the four subscripts notation can be simplified by using the 
abbreviated subscript notation given in  
Table 2.1. 
 











Applying these abbreviations, the constitutive equations, Eqs. 2.1 
















LiNbO3 is a trigonal crystal, therefore, the stiffness EIJc  consists 












































c , ( ) 2/121166 ccc −=
 (2.6) 
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The measured values of the tensor components for LiNbO3 are 
taken from [38]. Table 2.2 provides a summary of the relevant 
material constants and their respective units. 
 
Table 2.2: Summary of material constants for Piezoeletric 
material. 





Dielectric Permittivity ijε  m
-1 F 
Piezoelectric Piezoelectric iKe  V m
-1 
 
Since LiNbO3 is anisotropic, the orientation of the internal 
crystal structure is specified by a set of crystallographic axes 
usually indicated with uppercase symbols (X, Y, Z). The surface 
orientation and the wave propagation direction must be defined with 
respect to the X, Y, Z axes. That is the surface normal
 
x3, followed 
by the propagation direction x1. For example YX-LiNbO3 indicates 
that x3 is parallel to the crystal Y axis and x1 is parallel to Z axis 
(Figure 2.2). In other words, YX-LiNbO3 means Y cut and X 
propagating. The material tensors given in Table 2.2 are specified 
with respect to X, Y, and Z axes. In general a transformation 
rotation is necessary to calculate the components in the x1, x2, x3 
frame [39].  
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Figure 2.2: YX-LiNbO3 crystal substrate. 
 
2.2.3 Characteristics of surface acoustic waves 
For the surface wave analysis, we consider the coordinate system 
shown in Figure 2.3. 
 
 
Figure 2.3: The considered coordinate system for surface wave 
analysis. 
 
The medium is assumed to be infinite in the x1 and x2 directions 
with a boundary at x3=0 as shown in Figure 2.3. The wave 
propagation is assumed to be in the x1 direction, so that wavefronts 
are parallel to x2. The (x1, x3) plane containing the surface normal 
vector and propagation direction is known as the sagittal plane. 
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Note that the coordinate system shown in Figure 2.3 will always be 
the one considered throughout this thesis.  
 
A few approximations must be made regarding the 
electromagnetic term resulting from piezoelectricity. First, as the 
velocity of the acoustic waves is 104 to 105 times smaller than the 
velocity of the electromagnetic waves, the magnetic field 
component associated to mechanical vibrations can be neglected. 
This implies that the electromagnetic field associated with an elastic 







BE  (2.9) 
 
Equation 2.9 enables us to express the electric field using a quasi-
static approximation given by  
 
 φ−∇=E  (2.10) 
 
where φ is the electric potential. In addition, as piezoelectric 
materials are close to perfect insulators, the Maxwell’s equation for 
the displacement D can be written as: 
 
 0=⋅∇ D  (2.11) 
 
Taking into account these assumptions and approximations, the 
governing equation of motion for the acoustic wave, also called 





















































where ρ  denotes the mass density of the piezoelectric crystal. 
Equation 2.12 gives four relations for the four quantities iu  (in 
meters) and φ  (in volts). Its unique solution will be determined 
when the appropriate boundary conditions are given as follows.  
 
For the case of SAW, the mechanical boundary condition that 



















 at 03 =x  (2.13) 
 
For a piezoelectric material it is necessary to take into account an 
additional electrical boundary condition at the surface. Two cases 
are usually considered, namely free-surface and metalized, 
respectively. The former case applies when the medium above the 
substrate is vacuum. The latter case corresponds to a substrate 
covered with a thin metal layer with infinite conductivity. In the 
case of free-surface, the normal component of D is continuous at the 











ε , at 03 =x  (2.14) 
 





 0=φ , at 03 =x  (2.15) 
 
The general solution to Eq. 2.12 can be given by a linear 







R 4 3 R 1 3
exp( ) exp , 1, 2,3
exp( )exp , for  0
j ju i x j t k x j
i x j t k x x
α χ
φ α χ
= Ω − =  
= Ω − ≤  
 (2.16) 
 
with coefficient α  such that the solution satisfies the boundary 
conditions as given by Eqs. 2.13 to 2.15, respectively. Here, 
R2 fpiΩ =
 
is the angular frequency in Hz of the applied electrical 
signal, while kR  is the wave number of the surface wave such that 
λRkR = 2pi . Note we always assume a harmonic solution of the 
SAW. 
 
The solution, Eq. 2.16, shows that a SAW displacement (u) is 
always accompanied by an electrical potential φ . Both the 
displacement u and potential φ  amplitudes decay rapidly over 
distances from the surface comparable to the wavelength. A decay 
constant, denoted by χ , has a complex value with negative 
imaginary part, whose amplitude vanishes when −∞→3x , this 
being a necessary condition for the existence of surface waves. 
Figure 2.4 illustrates the characteristic of the SAW propagating on a 
semi-infinite substrate. 
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Figure 2.4: The characteristic of the SAW propagating on a 
semi-infinite substrate [40]. 
 
In most cases, the SAW during propagation has an elliptical 
polarization [41]. This comes from the fact that the SAW 
displacement is mostly consisting of transvers 3u  and longitudinal 
component 1u  on the sagittal-plane ),( 31 xx . 
2.2.4 SAW power flow 
The SAW power flowing on the substrate surface can be 
determined by the so-called Poynting vector, which is similar to the 


































uTtxP jiijij φ  (2.17) 
 
The first and second terms in Eq. 2.17 correspond to 
mechanical and electrical contributions, respectively, that can be 
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calculated using the SAW solution presented above. In fact, the 
measured value actually corresponds to the time-averaged of Eq. 
2.17, { }PP Re= . If the SAW propagates along 1x , then the 
corresponding flowing SAW power can be calculated 
as: ∫ ⋅=
A
dxdxxxxPP 32132R ),(Re2/1  where A  denotes an arbitrary 
cross-section of infinite size. 
 
The acoustic power can be directly related to the amplitude of 
the SAW displacement components iu . Since the amplitude of iu  
depends only on χ≡3~x  as given by Eq. 2.16 and an acoustic beam 









P v w u dxρ
−∞
= Ω ∫  (2.18) 
 
The displacements can be calculated if the acoustic power is 
known using the following expressions: 
 








Ui ( ɶx3)e j (Ωt−kRx1 )  (2.19) 
 
where R /AP P w=  is the power density per unit width of acoustic 











3 1~)~( xdxU i  (2.20) 
 
2.2.5 Features of SAW excitation in LiNbO3 
Two of the most important properties of SAW excitation are 
velocity, Rv , and a figure of merit, 
2K , called the 
electromechanical coupling coefficient. 
 
The SAW propagates parallel to the surface with a SAW 
velocity Rv . In general, the velocity of the SAW must be less than 
the velocities of plane waves propagating in the x1 direction in an 
infinite material [42]. Of the three plane waves: longitudinal (L), 
fast shear (FS), and slow shear (SS) mentioned earlier, the slow 
shear has the lowest velocity, so the SAW velocity must be less 
than the velocity of the slow shear, which can be written as follows: 
 
 LFSSSR vvvv <<<  (2.21) 
 
The velocity of the SAW is constant in all directions in the case 
of isotropic media whereas it is a function of propagation direction 
in the anisotropic (i.e. piezoelectric) case. For each direction a set of 
velocities should always be determined, so that the boundary 
conditions Eqs. 2.13 to 2.15 are satisfied.  Table 2.3 shows the 
velocities of SAW in different LiNbO3 crystal cuts reported in ref. 
[43]. 
 
Table 2.3: SAW velocities and the electromechanical coupling 




Note that on a piezoelectric medium, the metalized velocity mv  
is always lower than the free surface velocity fv because a metal 
film deposited on the surface eliminates the tangential electric field, 
and thus partially suppresses the piezoelectricity of the material 
(electrical loading) [8]. If the layer thickness is finite, its 
mechanical effect can become important and changes the SAW 
velocity (mass loading). This change is frequency dependent, thus 
producing dispersion [8], [44].  
 
We can identify three different cases for the SAW velocity 
depending on the adjacent medium ( dε ) through the piezoelectric 
surface permittivity d( ) 0vε ε+ =  after imposing the appropriate 


















X Y 3748 3681 3.58 
X Z 3483 3396 5.00 
Y X 3769 3740 1.54 
Y Z 3488 3404 4.82 
Z X 3798 3788 0.53 
Z Y 3903 3859 2.25 
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1) If the piezoelectric surface is covered by a very thin metallic 
layer, then a short circuit condition applies: 0=φ  giving dε = ∞ . 
Therefore 
 
 mvv =  and ∞=)( mvε  (2.22) 
 
2) If the open circuit condition applies, d 0ε = , and we have 
 
 fv v=  and ε (vf ) = 0 (2.23) 
 
3) If the medium above the surface is vacuum, this gives: d 0ε ε= . 
The SAW velocity ( vR ) is in between two extreme values, mv  and 
fv : 
 
 vm < vR < vf   and ε (vR ) = −ε0 (2.24) 
 
The knowledge of the electromechanical coupling coefficient is 
of primary importance to design a SAW transducer because it 
determines the conversion efficiency between electrical and 




ac eW K W=  (2.25) 
 
where acW  and eW  represent the acoustic and electrical energy, 
respectively. If the coefficients of the material are known, K2 can be 
calculated directly from εceK /22 = [41]. In practical cases the 
constants of the material are usually not precisely known. However 
the velocity of the SAW propagating under free, vf , and metallic, 
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vm , layers can be easily measured, which allows us to determine the 
K2 in the following way. 
 
Let us assume that a continuous voltage 0V  is applied between 
the two electrodes situated on the free surface. These electrodes will 
act as a capacitor with a stored energy 2e 01/ 2W CV=  where C 
corresponds to the static capacitance. If the electrodes are short-
circuited at 0=t , the capacitor returns an electrical energy 
2
r 0 01/ 2W C V= . The difference e rW W−  gives the radiated 
mechanical energy ac 0 e( / )W C C C W= − . Since the ratio ac e/W W  is 
nothing else but the electromechanical coupling coefficient as given 
by Eq.2.25, thus 2K  is then given by 
fmfd
2 /)))((/1/(2 vvvK −∞+= εε  [8]. In the case of LiNbO3, 












Table 2.3 presents the values of electromechanical coupling 
coefficient for various LiNbO3 crystal cuts. 
2.3 Acousto-optic (AO) filters 
2.3.1 Principles of AO interaction 
In the previous chapter we have mentioned that the SAW and 
the optical wave can interact via the photoelastic (elasto-optic) 
effect. Depending on the optical properties of the AO crystals in 
which the interaction occurs, the interaction can be either isotropic 
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or anisotropic. In isotropic crystals, the AO interaction is also 
isotropic and does not change the polarization of the optical beam. 
Instead the polarization of the optical beam will be converted, i.e. 
TE (TM)->TM (TE) if the AO interaction takes place in an 
anisotropic crystal, e.g. LiNbO3. Note that the AO interaction is 
“unidirectional”, it refers to the effect of an acoustic wave on an 
optical wave since the optical wave will generally have little effect 
on the acoustic beam. This condition allows us treating the AO 
interaction as a parametric process, in which the acoustic field 
(strain) changes the refractive index of the medium according to the 















where B∆ , the dielectric impermeability tensor variation, is the 
change of the ( )In2/1  component of the optical ellipsoid, IJp is the 
















































Depending on the direction of the incident optical beam with 
respect to the SAW, the AO interaction can be categorized into 
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collinear, when the propagation directions of optical and acoustic 
waves are parallel, or, non-collinear, when they are not parallel. In 
the following, we will investigate collinear AO interaction in 




Figure 2.5: Collinear AO interaction in anisotropic crystal. 
 
2.3.2 Characteristics of collinear mode conversion 
An anisotropic interaction involves diffraction between 
ordinary and extraordinary optical beams. Since these beams 
experience different refractive indices, i.e. no(ordinary) and 
ne (extraordinary), a consequence of such interaction is that a 
rotation of the polarization (also called polarization conversion) of 
the diffracted beam by 90 degrees with respect to the incident beam 
occurs [45]. In the case of integrated AO filter, the optical beam is 
guided by an optical waveguide, which is Ti-LiNbO3 in our case. 
The AO interaction can described by the following wave equations 
[35]: 
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tE rrr εεεµ ∆+
∂
∂
=∇  (2.29) 
 
when the polarization of the incident optical field is TE and 
 





tE rrr εεεµ ∆+
∂
∂
=∇  (2.30) 
 
when the incident optical field is TM polarized. We are referring to 
the coordinate system given in Figure 2.5. The perturbation term 
∆ε  in Eqs. 2.29 and 2.30 describes the effect of the SAW on the 



















JJ ErSpεεεε  (2.31) 
 
Equation 2.31 shows that the perturbation term is not only 
through the photoelastic effect, as it was previously explained, 
There exists an electrooptic contribution, expressed by the product 
of r and the electric field ER = −∇φR . For LiNbO3, the electrooptic 
















































Let us consider Eq. 2.29 and assume that the waveguide 
supports only two modes that differ only for their polarization, 
either TE or TM. The relation between the incident EE (E2) and the 
diffracted EM
 
(E3) optical mode can in this case be expressed by the 

















where the magnitude of momentum mismatch relates to the Bragg 
condition [46]: 
 

























 with h =1+ kRβE
 (2.34) 
 
i.e. ∆K = βE + kR − βM , and βE, βM  are the TE and TM propagation 
constants, respectively, and NE(M)  is the corresponding effective 
refractive indices. Full mode conversion will be achieved when the 
phase-matching condition, ∆K = 0, is satisfied: 
 










where λ0 is the optical wavelength in vacuum. By solving Eq. 2.35 
one can determine the center frequency ( fc) at phase matching: 
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λλ  (2.36) 
 
where ∆N = NE − NM . Equation 2.36 expresses the relation at 
phase-matching between the optical wavelength and the frequency 
of the SAW. Equation 2.36 is also used to convert the acoustic 
frequency band into optical bandwidth and vice versa. Within these 
bands the AO interaction efficiency stays above 50% of its 
maximum value at perfect phase-matching. 
 
From the coupled-mode equation, Eq. 2.33, we can determine 
the normalized intensity of the diffracted (converted) optical mode 
at the exit of the crystal (x1 = L) with respect to the input (incident) 


















=−= id  (2.37) 
 
where Ii denotes, in our case, the intensity of the incident (TE) 

















where L denotes the interaction length. At phase-matching (q = 0, 
∆K = 0), taking the first order approximation of Eq. 2.37 and 
assuming very small values of s, it allows us to determine the so-










N N p S Lpiη λ≈  (2.39) 
 
By substituting Eq. 2.18 into Eq. 2.39, η can be expressed as a 
function of the acoustic power (PR): 
 




























is the figure of merit and determines the inherent efficiency of the 
AO crystal (waveguide) regardless the interaction geometry. From 
Eq. 2.40 we can also determine the efficiency and the strength of 
the AO interaction, which is usually expressed by the so-called AO 








M2PA  (2.42) 
 
where PA = PR / w  is the acoustic power density. From Eq. 2.42 one 
can see that complete polarization conversion occurs when: 
 
 piκ )2/1( += lL  (2.43) 
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where l is an integer number. The mode profiles of the interacting 
optical mode TE(TM) and of the SAW can be calculated 





EM( )* ∆εEE dx2 dx3∫∫  (2.44) 
 
where P0  is power of the optical mode.  
 
Equation 2.40 shows that the higher the material refractive 
index and the lower the acoustic velocity, the higher the AO 
efficiency.  After choosing the appropriate material, one needs to 
optimize the design, i.e. the interaction geometry. If the acoustic 
attenuation and geometrical errors in the waveguide design 
(∂∆N / ∂x1) are negligible, then, according to Eq. 2.40, the 
optimization of the interaction can be achieved by a correct choice 
of the length (L) with respect to the width of the acoustic beam (w), 
i.e. the ratio L/w.  
 
Besides the acoustic efficiency, another crucial parameter is the 
3-dB AO bandwidth, which, as it was said above, can be either 
expressed in terms of acoustic frequency or optical wavelength. The 
3-dB or FWHM bandwidth corresponds to the difference between 
the highest and the lowest acoustic frequencies or optical 
wavelengths, corresponding to which the normalized diffracted 
intensity (Id) is reduced by 50%. A rough idea of the filter 
bandwidth can be gathered using the interference criterion. The 
nearest point of zero conversion efficiency corresponds to the 
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following situation: in the first half of the device, the interaction 
between acoustic and optical waves is in-phase, while in the second 
half of the device, it is out-of-phase, leading to a complete 
cancellation of the mode conversion. This corresponds to a total 
phase mismatch of pi, more generally this occurs when the phase 
mismatch per beat length ( δ∆ ) is equal to N/pi , where N is the 
number of beat lengths. This produces a characteristic optical 








λλ  (2.45) 
 
It can be seen from Eq. 2.45 that the filter bandwidth is 
strongly dependent on both geometry (L) and material (∆N).  
Therefore, a narrow AO bandwidth can be achieved by either 
increasing L or using a highly birefringent medium. As it was 
pointed out in [46] the birefringence is often not constant over the 
interaction volume of the crystal ( N∆(δ ) that is to say: for a fixed 
acoustic frequency, different regions of the crystal will generate 
phase matching at slightly different optical wavelengths.. In this 















Correspondingly, the maximum length of the filter, beyond which 
there is no increase in resolution, is 
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max  (2.47) 
 
Note that, this relation strictly applies to a lossless case for both 
the acoustic and optical waves. However, in most practical cases, 
the attenuation factor might need to be taken into account along 
with error due to variation in the birefringence. We will consider all 
these effects in the following chapters, when we design the AO 
filters.  
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Chapter 3 - Modeling and design 
3.1 Introduction 
The main objective of the modeling is to allow investigation of 
physical mechanisms and at the same time creating design tools. 
The design is essential for the development of application specific 
devices with high efficiency. It is thus crucial the availability of fast 
and accurate modeling tools for device design. However these two 
features, speed and accuracy, are difficult to be implemented at the 
same time. Fast modeling tools usually produce less accurate 
results, while very accurate tools tend to be slow. In this chapter we 
will evaluate a broad range of modeling approaches, with the aim of 
optimizing the device design in terms of calculation speed and 
accuracy.  
 
As it was pointed out in the previous chapter, investigating AO 
interactions imply first the study of acoustical and optical 
propagation in the material. The acoustic and optical propagation if 
they happen in waveguide geometry can be investigated separately. 
Each wave propagation is governed by differential equations that 
must be solved taking into account the boundary conditions 
associated to the device geometry.  In order to obtain the solutions 
for the situation of interest in our work, we will make use of two 
different modeling techniques: analytical (fast) and numerical 
(slow) method, respectively.  
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The analytical method, which is based on a scalar 
approximation, is powerful and offers a quick computation, 
allowing us to achieve approximate solutions, for example, with 
respect to the number of excited SAW modes in an ASL transducer 
along with the corresponding spatial profiles. Since this model 
includes several approximations, the obtained solutions are not 
always accurate. In order to increase accuracy for the solutions, 
numerical methods, such as the finite element method (FEM), can 
be used. FEM is very time consuming. It is not the scope of this 
thesis to develop numerical codes. For this reason we will use 
commercial modeling software COMSOL MULTIPHYSICS for the 
numerical analysis. In addition to the aforementioned methods, we 
also consider the so-called impulse response model [8] that enables 
us to determine the performance of the proposed ASL transducers in 
terms of the electromechanical coupling coefficient K2, as it was 
explained in the previous chapter. 
 
 





The ASL transducer, which will be the core of the devices 
proposed in this thesis, is shown in Figure 3.1. It includes a region 
of periodically poled (also named “periodically domain inverted”) 
ZX LiNbO3 (PPLN) substrate, on top of which two coplanar 
electrodes with electrode’s width W and gap GE are placed along the 
x1 direction. The period of the ASL structure is denoted by Λ and 
the lengths of poled (inverted) and unpoled (not inverted) domains 
of the ASL are a and b, respectively. The poling will change the 
third rank tensor, i.e. pieozoelectric tensor e, of LiNbO3, whereas 
the magnitude of the tensor itself will not change. On the contrary, 
even tensors, such as stiffness c and dielectric tensor ε, remain 
unchanged through the different oriented domains. So, taking into 
account the structural conditions of a PPLN based ASL, the 



































































We will start deriving analytical models to calculate the modal 
propagation of the SAW excitation in the ASL transducer. 
Subsequently, for a correct interpretation of the results, some 
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features of FEM implementation in COMSOL MULTIPHYSICS 
will be presented. Also the impulse response model will be derived 
for the ASL transducer. Finally, we will use these modeling tools to 
design AO filters. 
3.2 Analytical model for modal calculation of the 
SAW excitation in the ASL transducer 
Based on earlier analysis (see Chapter 2), due to the 
discontinuity of the electric field at the electrode (electrical loading 
effect) the SAW under a metallic plate (shorted surface case) 
propagates more slowly than the SAW on a free surface. This 
condition allows us simplifying the model structure shown in Figure 
3.1 as an alternation of “slow” (s) and “fast” (f) regions. The length 
of the electrode is assumed to be infinite in the x1 direction, so that 
each region becomes a semi-infinite ZX-LiNbO3 substrate, where 
the “slow” and “fast” region refers to the area covered with and 
without infinitely thin metallic plate, respectively. By solving the 
electromechanical wave equation (Eq. 2.12) we can determine the 
SAW velocity vf(s) for each region. Thus the dependence of Eq. 2.12 
in x3 can be dropped, so that a 3D geometry can be simplified into a 




Figure 3.2: Simplified 2D geometry for the proposed ASL 
transducer 
 
As it was described in Chapter 2, the SAW propagates in an 
elliptical shape with a major axis perpendicular to the substrate 
surface, which, in our case, corresponds to the u3 component. So, if 
we consider only this component, the SAW propagation in both 
slow and fast regions can be described by the scalar potential 






























where )( 2xv  corresponds to the distribution of the SAW velocity in 
x2, given by 
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In Eq. 3.3, s(f)v  denotes the SAW velocity of the combined 
material consisting of the substrate covered with (s) and without (f) 
metallic layer.  
 
Let us suppose that the SAW mode propagates along the x1-
axis with a phase velocity gv , then the corresponding propagation 
constant will be gv/Ω=β  (we assume a time harmonic behavior of 
the field with frequency Ω ). The general solution of the scalar 




1 2 2( , ) ( ) j xx x x e βψ ξ −=  (3.4) 
 
Since we are interested in confined acoustical modes, the fields 
must be evanescent in the outermost region (outside the electrodes). 
Therefore, the solution )( 2xW  (Eq. 3.4) satisfying this condition 
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where ( ) 2/12 2ff k−≡ βζ  and ( ) 2/12βζ −≡ 2ss k  with ff vk /Ω=  on 
the fast region and ss vk /Ω=  on the slow region, respectively. To 
ensure the waveguiding condition, fζ  in Eq. 3.5 must be a real and 
positive value. 
 
In Eq. 3.5, C, A, B, and D are constants that will be calculated 
through boundary conditions analysis. As the scalar potential and its 
derivative normal to the discontinuities multiplied by the effective 
stiffness constant are continuous at the interface between fast and 
slow regions, we assume that the metallic plate is much thinner 
compared to the thickness of the LiNbO3 substrate. Therefore, the 
effective stiffness between two regions can be assumed to be 
approximately equal and the boundary conditions become: 
 
















Substituting Eqs. 3.6 and 3.7 into Eq. 3.4, we then obtain a 
linear relation between the field amplitudes on both sides of the 
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The mode condition corresponds to: 011 ≡m . By applying this 
condition we can determine the modal constants )(β  by searching 
all the zeros that correspond to the confined modes. Also, we can 
determine the corresponding mode profile for given mode values. 
3.3 Implementation of Finite Element numerical 
modeling in COMSOL MULTIPHYSICS 
3.3.1 Introduction 
In the finite element approach, the problem domain is 
discretized into smaller regions called element, which are connected 
at specific points called nodes (see Figure 3.3). Depending on the 
dimension of the domain, the element can be triangular, 
quadrilateral, and tetrahedral. The solution to the unknown acoustic 
displacement, potential, electromagnetic fields will be determined at 
these nodes. The unknown parameters are named as degrees of 
freedom (DOF). If the domain is infinite, then it will have infinite 
DOF whereas for the case of finite element the DOF will be finite. 
As the solutions are given at the nodes, the continuity of the 
solution will be taken care of by introducing an interpolating 
function connecting the nodes. The choice for this function 
determines how the field varies across a single element in the 
domain. Typically, a polynomial function is chosen as a shape 
function and the number of the nodes assigned to the element will 





Figure 3.3: A typical domain meshed with triangular element in 
the FEM simulation. Black dots are the corresponding nodes 
connecting the elements. 
 
Once the element type is defined, the differential equation 
solution is approximated by a continuous polynomial function and 
expressed in terms of unknown values defined at each node. After 
the whole elements in the domain are considered, it forms a simple 
system of equations that will be solved. Before solving this 
equation, the boundary conditions need to be properly addressed in 
order to obtain a final solution with some degrees of numerical 
error. Finally, the resulting system of equation will be solved 
numerically with a technique used in COMSOL MULTIPHYSICS 
 
COMSOL provides modules with built-in differential equations 
specified for the corresponding physical problem. So, in our case, a 
COMSOL’s structural mechanics module is used for the acoustic 
problem, while an RF module is for the optics part. For either one 
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of these modules, the following is the algorithm that is considered 
for COMSOL simulation: 
 
1. Model definition 
In this step, a model structure is designed and defined. The material 
properties, e.g. Aluminum for the electrodes and LiNbO3 for the 
substrate, are assigned accordingly, together with the selection of 
the mesh type. After that the corresponding boundary conditions are 
applied and then the problem domain is meshed. The mesh size 
should be tuned according to the required as well as available 
computer resources. As a rule of thumb, the finer the mesh the more 
precise the results are. However, as a side effect, the computational 
memory and time required to solve the problem will increase too. 
Therefore, a trade off between the accuracy of the result and the 
computation time has always to be searched.  
 
2. Solving 
Two methods will be applied to solve the problems in COMSOL, 
eigenvalue or eigenfrequency (modal analysis) and harmonic 
analysis. Modal analysis will give general solutions to the 
differential equations that are basically the SAW and the optical 
modes, respectively. For the acoustic problem, in particular, this 
analysis can be used as a starting point to determine frequencies of 
interest that will be used as an input values for the harmonic 
analysis. The particular solutions to the differential equation will be 
obtained with the harmonic analysis, so that the response of the 
structure or device, e.g. ASL transducer, in terms of e.g. the 
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admittance (Y) can be determined. For the optics problem, the 
modal solution will be considered. 
 
3. Post-processing 
In the post-processing, the solution will be visualized in 2-D or 3-D, 
which allows us validating the simulated results. In addition, 
COMSOL provides many built-in mathematical functions to 
determine e.g. the complex admittance (Y) of the transducer device. 
3.3.2 Model assumptions  
In principle, if the structure considered in the simulation 
reflects the reality, the obtained solution should be close to the 
measured data. However, this would require a longer computational 
time and additional computer resources. Therefore, the problem 
(model structure) needs to be first simplified in an appropriate 
manner to achieve a good trade off between computational 
resources, processing time and accuracy of the results.  
3.3.2.1 ASL transducer 
3-D modeling  
 
Reduction of model thickness: As it was discussed in the previous 
chapter, the SAW penetration depth is usually around one 
wavelength and beyond this value the intensity becomes negligible. 
We thus assume the SAW depth to be equal to four wavelengths. 
 
Periodic boundary condition: Since the ASL structure is periodic in 
the propagation direction and the electrode length is always much 
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larger compared to the lattice period, the computational domain can 
be reduced to one period cell, thanks to the periodic boundary 
condition,. 
 
Perfectly-Matched Layer (PML): We consider additional layers that 
absorb unwanted reflected waves that would degrade the solution. 
 
Once the above approximations are applied, the simplified 
structure to be solved becomes that of Figure 3.4. 
 
 





In Figure 3.4, RΓ  and LΓ  refer to the imposed periodic 




The above 3-D modeling allows us determining the excited 
SAW modes in the ASL transducers. Due to the periodic boundary 
condition, the structure is considered to be infinite along the 
direction of propagation. This makes difficult the calculations and 
in addition, even if the problem is made finite, its 3-D modeling 
using COMSOL would remain cumbersome. We thus simplify it by 
using a crossed-field approximation [47], as it is common for IDT 
structures. This approximation allows us reducing the problem from 
3-D to 2-D. 
 
As the coplanar electrodes generate the two electric fields 
components: E3 and E2 (Figure 3.5), we can separately treat the 
contribution of each field component to the acoustic generation. 
Depending on the field component, two modeling structures 
configurations are defined as it is shown in Figure 3.6 and Figure 
3.7. These will be solved separately.  
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Figure 3.5: A 2-D cross-section of the ASL transducer. 
 
 
Figure 3.6: 2-D modeling structure of the ASL transducer for 
the case of E3 field. Small arrows indicate the poling, while the 





Figure 3.7: 2-D modeling structure of the ASL transducer for 
the case of E2 field. Small arrows indicate the poling, while the 
bigger one indicates the electric field. 
 
For a modeling structure based on E3 field component, the 
substrate surface is covered by 200 nm thick Aluminum electrode 
with a finite length covering the ASL structure (Figure 3.6). The 
LiNbO3 crystal orientation remains the same, i.e. ZX-LiNbO3. The 
PML is applied on the right and the left of the structure and also 
from the bottom of the structure. 
 
The modeling structure based on E2 field component (Figure 
3.7) is essentially similar to the E3 modeling above, but the material 
orientation of the substrate is YX-LiNbO3 and the PML is imposed 
surrounding the structure.  
3.3.2.2 Ti-LiNbO3 channel waveguide 
The geometry of Ti-LiNbO3 channel optical waveguide is 
illustrated in Figure 3.8. The guided optical mode is assumed to 
propagate along x1 axis. Unlike the above SAW problem, in this 
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case 2-D (x2, x3) plane of the Ti-LiNbO3 waveguide is considered in 
the simulation to determine the optical modes. We first need to 
define the refractive index profile of a Ti-LiNbO3 waveguide. 
 
 
Figure 3.8: Ti-LiNbO3 channel waveguide. 
 
As LiNbO3 is an anisotropic medium, depending on the 
polarization of the light and on the crystal cut, we have to to 
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where λ0 is the optical wavelength in vacuum and the subscript e or 
o denote the extraordinary axis or the ordinary axis, respectively, 
and the superscript b refers to the bulk. The first part of the Eq. 3.9 
corresponds to wavelength dependent bulk index and the second 





The Sellmeir dispersion equations define the bulk index for 




























en  (3.11) 
 
The waveguide index contribution is different for ordinary and 
extraordinary axis. For the extraordinary index a linear dependence 
on Ti-concentration c(x2, x3) is assumed, whereas for the ordinary 
index change a power-low dependence is considered: 
 
 ),()(),,( 32)(0)(320)( xxhdxxn oeoeoe λλ =∆  (3.12) 
 
where )0645.0/(839.0)( 20200 −= λλλed , 
)13.0/(67.0)( 20200 −= λλλod . 
 
In Eq. 3.12, [ ]γ),(),( 3232 xxEcxxho = , and 
),(),( 3232 xxFcxxhe = . F and E represent the material constants. 
On the basis of a diffusion model and anisotropy effects, the Ti4+ 
concentration c(x2, x3) in the waveguide is given by 
)()(),( 23032 xgxfcxxc =   where BaDc /0 τ= , 
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[ ] [ ]{ })/21)(2/()/21)(2/(5.0)( 222 TiSTiTiSTi WxDWerfWxDWerfxg −++=
 (3.14) 
 
WTi and τ are the Ti strip width and thickness before diffusion, 
respectively. DB and DS are the bulk and surface diffusion length, 
respectively, that are given by 
 
 )/exp(2 00 kTEtDD SSS −=  and )/exp(2 00 kTEtDD BBB −=
 (3.15) 
 
In Eq. 3.15 t denotes the diffusion time, T is the diffusion 
temperature during fabrication, k the Boltzman constant, 0BD  and 
0
SD  bulk and surface diffusion constants, and 0BE  and 0SE  bulk and 
surface activation energies, respectively. The relevant constants for 
z-cut LiNbO3 are in Table 3.1. 
 
Table 3.1: Summary of technology parameters describing Ti 
indifussion and corresponding refractive index profile in 
LiNbO3. 




SD  3.75e-4 [49] cm2/s 
0
SE  2.22 [49] eV 
0
BD  1.4e-2 [49] cm2/s 
0
BE  2.6 [49] eV 
Index-change F 1.2e-23 [50] cm3 
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fit-parameters E 1.3e-25 [50] cm3 
γ 0.55 [50] - 
Ti properties A 1.57e-23  cm3 
 
Once the refractive index of the system is defined, the 
corresponding magnetic or electric metal boundary condition is 
imposed. 
3.4 Impulse response model 
The advantage of this method is that it predicts the absolute 
amplitude and hence the power of the SAW field excited by the 
ASL transducers. A complete description of the model for the case 
of IDT is given in ref. [8]. Here we present an adaptation of the 
model to ASL transducers. 
 
We assume that the power is constant over x2, provided that the 
electrode’s width and gap are constant. Let us also suppose that the 
response to the electrical excitation )(2 ta , which also represents the 






2 ),()( dxtxPta  (3.16) 
 
where P1 is the component of Poynting vector in x1 direction. In the 














= + ∫ ∫  (3.17) 
Chapter 3 
     57
 
where w ≡ 2W + GE  denotes the total length in x2, sW  is the energy 
from electric sources and W  is the stored acoustic energy. If we 
substitute Eq. 3.16 into Eq. 3.17: Eq. 3.17 becomes 
 
 
2s ( )dW dW wa t
dt dt
= +  (3.18) 
 
When the electrodes are short-circuited at t = 0, the response 
a(t) is given by a sine curve of frequency RRvf λ/R =  with 

















By integrating Eq. (3.18) and considering s 0W =  for t > 0, the 
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∞
= − ∞ = =∫  (3.20) 
 
From the definition of the electromechanical coupling 
coefficient K2 of the SAW given in Eq. 2.26 , the amplitude of the 
response is 
 







where CT denotes the capacitance of the coplanar electrodes. Here, 
we assume that the applied voltage is 1V.  The impulse response is 











In ref. [8], it is known that 
2( ) ( )aG f w H f=
 where H(f) 
corresponds to the Fourier transform of the impulse response h(t) 
and 
aG  is the radiation conductance of the transducers that 
expresses the equality of mechanical energy generated by the 
transducer and dissipated electrical energy. So the radiation 





























ffNX −= pi . 
 
In Eq. 3.23 G0 = pi2K2CTNfR corresponds to the radiation 
conductance at a resonance frequency f = fR . Thus, the mean value 
of the SAW power is given by 20 UGP = where U is the potential 
being applied to the transducer. 
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3.5 Structural parameters 
In the previous section, the basic simulation tools were 
discussed. Before we can apply those tools to real problems, we 
need to introduce the geometrical and material parameters of the 
device. The material constants, such as stiffness, piezoelectric, and 
dielectric constants of LiNbO3 are taken from ref. [38], while the 
rest of the relevant constants, e.g. Al, is taken from ref. [39]. 
3.5.1 Coplanar electrodes 
For the SAW excitation, the electrodes are designed so that the 
excited electrical field covers almost half of the thickness of the 
substrate from the surface. This condition is satisfied if the effective 
width of the electrodes weff = W+GE is less then half of the substrate 
thickness. Since the thickness of the actual LiNbO3 substrate is 500 
µm, the lateral width weff ≤  250 µm, e.g. W = GE = 100 µm. 
 
Aluminum is chosen for the metallic electrodes because it is 
relatively lighter (small mass density ρ = 2700 kg/m3) compared 
with other metals, e.g. Gold (ρ = 19300 kg/m3), so that possible 
shifts in the resonant frequency due to mass loading effects are 
strongly reduced. For the same reason, the thickness of the 
electrodes is chosen as small as possible, 200 nm in our case.  
3.5.2 ASL structure 
In principle, we design the ASL structure, i.e. period (Λ), such 
that the desired phase matching wavelength of the AO filter 
interaction is obtained, which will also depend on the optical 
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waveguide geometry. Here, we consider an ASL structure with a 
lattice period Λ = 20 µm. Using the relations RRR / λvf =  and 
Λ≡Rλ , the calculated resonant frequency of the SAW is expected 
to be at around 190 MHz in ZX-LiNbO3. For the 2-D modeling, 11 
periods of the ASL is considered in the simulation, which will also 
define the length of the electrodes.  
3.5.3 Ti-LiNbO3 channel waveguide 
The Ti-LiNbO3 channel waveguide has to be designed so that it 
supports a single mode for both TE and TM polarizations at a given 
optical wavelength (λ0). In this thesis work the wavelength range of 
interest goes from 1.4 µm to 1.6 µm. and in that range also the 
phase matching for the AO filters has to occur. We therefore choose 
to work with 5 µm, 6 µm, and 7 µm wide optical waveguides. The 
ordinary and extraordinary index of the bulk LiNbO3 as a function 
of optical wavelength (λ0) is shown in Figure 3.9, according to 
aforementioned Sellmeier dispersion equations (Eqs. 3.10 and 
3.11). The extraordinary refractive index profile of 6 µm wide Ti-
LiNbO3 waveguide at λ0 = 1455 nm is shown in Figure 3.10. 
 
To determine the refractive index of Ti-LiNbO3, the following 
parameters are considered in the simulation: diffusion time t = 7 
hours, temperature T = 1333 K, Ti film thickness τ = 110 nm, which 
are taken from the fabrication parameters. 
. 
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Figure 3.9: Extraordinary and ordinary indices of bulk LiNbO3 
as a function of optical wavelength (λ0). 
 
Figure 3.10: The extraordinary mode profile at λ0 = 1455 nm of 




3.6 Computational results 
In the previous sections we have chosen the device parameters. 
In this section we apply the described modeling tools. First, we 
consider the ASL transducers and then we consider the optical 
waveguide. Finally, we will discuss the AO filter device. 
3.6.1 ASL transducers 
3.6.1.1 Modal analysis 
The modal velocity of all confined SAW modes excited by the 
ASL transducer are firstly calculated with the scalar approximation 
by solving Eq. 3.2. The electrode width W is varied from 30 to 100 
µm, while the gap GE between the electrodes is equal to the width, 
i.e. GE = W. The FEM simulation in COMSOL is performed with 
electrode width step-size of 10 µm. 
 
 
Figure 3.11: Normalized modal velocity as a function of 
electrode’s width (W) of a 20 µm period ASL transducer 
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calculated with scalar approximation (solid line) and FEM 
simulation (triangles), respectively.  
 
Figure 3.11 shows the calculated normalized modal SAW 
velocity as a function of the electrode width (W) using both 
analytical model and FEM (COMSOL). We see that the number of 
excited SAW modes obtained by both models is in good agreement, 
despite the fact that the modes above 80 µm start deviating. 
Furthermore, from these results one can see that for electrode 
widths ranging from 30 to about 70 µm, the ASL transducer excites 
two modes: a symmetrical (0th) and an anti-symmetrical (1th) mode, 
respectively (Figure 3.12). Above 70 µm electrode width, a higher 
order mode can also be excited.  
 
The mode profiles of the ASL transducer GE = W = 60 µm 
calculated by both methods are given in Figure 3.12. From the 
mode profile, the displacement below the electrodes is larger 
because the acoustic wave tends to propagate on the slow region 
(under the metalized surface), this being a similar effect to the SAW 
waveguiding explained in the previous chapter. Nevertheless it is 
interesting to note that the symmetrical mode (0th) (Figure 3.12 (a) 
or (c)) tends to be localized in the central region between the 
electrodes whereas the anti-symmetrical mode (Figure 3.12 (b) or 





Figure 3.12: Mode profiles of the ASL transducer with W = GE 
= 60 µm calculated with scalar approximation ((a) and (b)), and 
FEM ((c) and (d)), respectively. 
 
3.6.1.2 Harmonic analysis 
Once the excited modes in the ASL transducers are known, a 
harmonic analysis is performed at around identified modal 
frequencies, determined using the previous analysis. As it was 
previously explained, the harmonic analysis enables us to 
investigate the response of the device related to the SAW excitation, 
i.e. by means of admittance analysis. The complex admittance of 




QjY Ω=  (3.24) 
 
where, Y denotes the complex admittance, Q represents the charges 
flowing on the electrodes determined numerically from the 
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simulation, Ω  is the sweeping angular frequency, and V is the 
driving voltage applied to the structure. The AC driving voltage 
amplitude V oscillates between 1± V.  
 
The calculated absolute value of the complex admittance for 
transducer with GE = W = 60 µm electrodes and the corresponding 
conductance 
aG  are shown in Figure 3.13. As the structure is 
considered to be infinite in the simulation, the two distinct observed 
peaks correspond to two excited modes as it was also predicted by 
the previous modal analysis.  
 
A 3-D displacement profile of the fundamental SAW mode at 
frequency 189.66 MHz is shown in Figure 3.14. From this we can 
plot the components of the displacement, u1 and u3, against the 
depth coordinates (Figure 3.15). These components quickly drop 
over a wavelength distance from the surface. In addition u1 and u3 
are more pronounced than u2 indicating that the SAW is polarized 
predominantly on the sagittal-plane, as it is expected. Furthermore, 
at the surface of the substrate u1 and u3 displacements are 90o out-
of-phase with each other (Figure 3.16), which is one of the 
important properties of Rayleigh SAW. 
 
From the above results, we can say that the SAW excited by the 





Figure 3.13 The absolute value of complex admittance (|Y|) 
(above) and the conductance (Ga) (below) of the ASL transducer 
with W = GE = 60 µm. 
 
 
Figure 3.14: The displacement profile of symmetrical mode 
obtained from ASL transducer in the case of W = GE = 60 µm. 
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Figure 3.15: The amplitudes of each displacement component 
are plotted as a function of the depth coordinate. The numbers 




Figure 3.16: Phase difference between displacement 




3.6.1.3 Propagation analysis 
With respect to the SAW propagation in the ASL transducer, 
the 2-D harmonic analysis is carried out using COMSOL according 
to the structures outlined in Figure 3.6 and Figure 3.7. In the 
simulation the input frequency is swept from 150 MHz to 500 MHz 
to cover all possible excited acoustic waves by the ASL transducer 
and then the corresponding admittance is calculated for each case. 
 
The calculated absolute values of the admittance (|Y|)) for E3 
and E2 are shown in Figure 3.17. Two resonant frequencies at 
around 195 MHz and 350 MHz, respectively, are present. The 
corresponding displacement profiles at resonance are shown in 
Figure 3.18 and Figure 3.19, respectively. The resonant frequency 
at 195 MHz thus corresponds to a SAW excitation propagating at a 
velocity of 3900 m/s, while the resonant frequency at 350 MHz 
corresponds to a longitudinal bulk acoustic wave (L-BAW) with a 
velocity of 7000 m/s.  
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Figure 3.17: The absolute value of the complex admittance (|Y|) 
as a function of RF frequency obtained when E3 (above) and E2 
(below) are considered, respectively, in the modeling. 
 
Figure 3.18: The profile of the out of plane component of the 
displacement (u3) of the SAW at the resonance frequency of 





Figure 3.19: The profile of u1 displacement at the resonance 
frequency of around 350 MHz corresponding to the bulk 
acoustic wave generation when E2 considered. 
 
We can infer from these results that the SAW excitation in ASL 
transducers is mainly induced by the component E3 through the 
coupling of E3 and e31, whereas the component E2 induces the 
excitation of bulk longitudinal acoustic wave via E2 and e22 
coupling. 
 
Furthermore, Figure 3.18 shows that the elastic energy of the 
SAW seems to be localized within the transducer (inside the ASL 
structure) close to the surface of the substrate, and only very little of 
its energy outside. To further investigate this phenomenon, we have 
performed simulation on an IDT structure for comparison. As it is 
expected, contrary to the ASL case, in the IDT structure, at the 
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resonant frequency, the SAW propagates away from the transducers 
(see Figure 3.20). 
 
 
Figure 3.20: The displacement profile of SAW u3 component at 
the resonant frequency, excited by the IDT. 
 
From the presented 2-D model, we may infer that the SAW 
excited by the ASL transducer does not propagate but it is rather 
confined within the transducer. This will also imply that the length 
of the ASL transducer will determine the overall filter’s length. This 
effect requires further experimental validations, a subject for the 
next chapters of this thesis. 
3.6.2 Ti-LiNbO3 channel optical waveguide 
In order to determine the guided modes in a Ti-LiNbO3 
channel waveguide, a 2-D modal analysis is performed using 
COMSOL. Figure 3.21 shows the distribution of TE and TM modes 
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as a function of optical vacuum wavelength λ0  for 5, 6, and 7 µm 
width optical waveguides, respectively. From these results, one can 
see that the waveguides support a single mode in both TE (βE) and 
TM (βM) polarization in the wavelength range of interest. The TE 
and TM mode profiles at λc  = 1460 nm of a 6 µm width waveguide 
are shown in Figure 3.22 and Figure 3.23, respectively. 
 
 
Figure 3.21: TE and TM modes of 5, 6 and 7 µm wide TE-
LiNbO3 as a function of optical wavelength λ0. 
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Figure 3.22: Mode profile of TE mode of a 6 µm wide Ti-
LiNbO3 at λ0 = 1460 nm. 
 
 
Figure 3.23: Mode profile of TM mode of 6 µm wide Ti-LiNbO3 




3.7 Design of AO filters 
In order to design an AO filter in accordance with the specified 
filtering properties, we need to apply the analytical expressions 
underlying the AO interactions presented in the previous chapter 
along with the simulation results that have been discussed 
previously. 
 
We aim at a filter with the following specifications: 
- Center wavelength inside the telecommunication windows 
(C-band, L-band, etc) 
- Maximum filter efficiency as large as possible 
- FWHM bandwidth as small as possible 
- Low “cross-talk” 
 
Initially we will focus the modeling on polarization conversion 
(TE to TM and vice versa) at a single optical wavelength. The study 
will then be easily extended to wavelength tunable polarization 
converters, possibly over a large range without significant reduction 
in performance with respect to the fixed wavelength case. The 
modeling and design of AO filters have great similarity to those of 
grating based- passive filters presented [51]. 
3.7.1 Center wavelength 
From previous chapters we know that full mode conversion 
will take place when the phase-matching condition ∆Κ = 0 is 
satisfied  for given optical wavelength λ0 and SAW frequency fR. 
The center wavelength λ0  = λc  is expressed by Eq. (2.36). This 
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allows us determining the wavelength by making use of the 
previously calculated optical modes, in which we consider kR = 
2pi/λR, λR = Λ  and Λ = 20 µm. The calculation results are shown in 
Figure 3.24. The center wavelength λc  for three different optical 
waveguides, 5 µm, 6 µm, and 7 µm wide, is in the 1456 to 1462 nm 
range, which is suitable for fiber-optic telecommunication.  
 
 
Figure 3.24: Phase-matching condition of the filter consisting of 
20 µm period ASL transducer and 5, 6 and 7 µm wide Ti-
LiNbO3 waveguide. 
 
3.7.2 Maximum filter efficiency 
The proposed AO filter device relying on the TE-TM mode 
conversion will achieve maximum efficiency at the phase-matching 
condition, ∆Κ = 0:  ηmax = sin2(κL), where the AO coupling 
coefficient (κ)  is given by Eq. 1.42. If we assume that the filter is 
lossless, then the maximum conversion efficiency can reach 100%. 
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Otherwise (non lossless filter), the attenuation, e.g. optical 
attenuation (α), has to be considered, making the corresponding 




































=  (3.25) 
 
where 12 ααα −=∆  denotes the difference between two modal 
attenuation coefficients, and 2/)( 21 ααα +=  is the average modal 
attenuation coefficient. Here, we define α such that negative value 
corresponds to the attenuation. For practical cases, ( )22/ κα∆ << 1, 
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κη arctan2exparctansin 2max  (3.27) 
 
According to Eq. 3.27, it is a function of the average attenuation 
α−  relative to coupling coefficient κ only. Figure 3.25 shows the 
maximum efficiency as a function of κα /− . It is important to have 
large coupling coefficient κ relative to the average attenuation 
factor α  if one wants to obtain high efficiency. In practice, a filter 
efficiency above 90% can be achieved, if the ratio κα /−  is 
smaller than 0.033.  Hence, the AO coupling κ  must be at least 30 
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times larger than α . In addition, the highest maximum efficiency 
can be obtained with a filter length according to Eq. 3.26. In the 
following of this chapter we will assume the filter lossless for 
simplicity. This allows us understanding more straightforwardly the 
underlying mechanisms. For more precise calculations the loss 
should always be included  
 
Figure 3.25: Maximum diffraction efficiency as a function of 
relative attenuation κα /− . 
 
3.7.3 FWHM bandwidth 
The FWHM bandwidth, also called 3-dB bandwidth, of the 
filter device is given by Eq. (2.45). In the following we further 
discuss possible ways for optimizing the FWHM bandwidth. In 
order to design a device with optimum FHWM, we first investigate 





At the center wavelength λc, by definition, the deviation from 
phase-matching is zero (∆K(λc) = 0). In the case of small deviation, 
we can apply the Taylor expansion of ∆K(λc ) around λc  in order to 
determine the wavelength shift ∆λΗΜ as a function of ∆KHM that 
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The FWHM bandwidth FWHMλ∆  equals twice the wavelength 
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( ) Λ=− /1/ cEM NN λ . By inserting this into Eq. 3.30 and then Eq. 
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The next step is to find ∆KHM such that the efficiency of the 















κηκ ==  (3.32) 
 
where ( ) ( ) ( )2HM22 2/LKLsL ∆+= κ . ∆KHML weakly depends on κL. 
We can then define a function f(κL) as FWHM factor, that is 
basically expressed by LKf HM∆≡ . Inserting f(κL) into Eq. 3.31, 



































Solving Eq. (3.32) numerically allows to determine f(κL) as 





Figure 3.26: The FWHM factor f as a function of κL. Black dots 
corresponds to value of 2/5,...,2/3,2/ pipipiκ =L . 
 
In practice, κL is chosen so that piκ )2/1( += lL  to achieve 
optimum conversion efficiency. The values are marked with circles 
in Figure 3.26. From Figure 3.26 one can see that the best choice is 
to take 2/piκ =L in order to have both efficiency and FWHM 
bandwidth of the filter optimized. The corresponding value of the 
































It is clear from Eq. 3.34 that for minimum bandwidth operation, 
one needs to achieve 2/piκ =L  and, at the same time, the length of 
the device should be large enough for increased efficiency. 
However, in the real case, it should not be too large to avoid 
Chapter 3 
     81
possible degradations due to attenuation, as it had been previously 
discussed.  
 
Figure 3.27 shows the FWHM of the filter as a function of 
device length with 6 µm wide optical waveguide. For a 10 mm long 
filter the expected FWHM bandwidth is about 2.33 nm.  
 
 
Figure 3.27: FWHM as a function of AO filter length consisting 
of 20 µm period ASL transducer and 6 nm wide Ti-LiNbO3. 
 
3.7.4 Cross-talk 
To be able to apply the AO filter in WDM systems, the filter 
needs to be designed in such way that one channel can be selected 
while the signals of the other channels are sufficiently suppressed. 
Therefore, the filter has to have sufficiently large bandwidth to 
allocate the signal corresponding to the selected channel and at the 
same time narrow enough to ensure that the side channels do not 
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fall within the passband range. In practice it is convenient to 
introduce the so-called -20 dB distance of a filter, which is the 
distance from center wavelength corresponding to which the side 
mode suppression is -20 dB (1%). If the distance from one channel 
to the next is at least equal to the -20 dB distance then the cross-talk 
between two neighboring channels can be considered acceptable.  
 
In the design we aim at a filter having a -20 dB distance  as 
small as possible in order to make it possible to place more channels 
in a given wavelength range, hence increasing the transmitted 
bandwidth. The maxima of the side lobes are approximately located 
at wavelengths corresponding to the condition:sin2 (sL) =1, where 
( ) ( ) ( )222 2/KLLsL ∆+= κ  and κL is given by Eq. (2.43) for 















Considering lossless filters (100% maximum conversion), ∆K 
can be found by setting the envelope )( KE ∆  to 0.01, thus 
producing κ20dB20 ≈∆ −K . Using the same procedure for FWHM 
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Eq. 3.36 implies that to minimize dB20−∆λ  the coupling coefficient 
κ  should be as small as possible. By comparing this to FWHM 
bandwidth given by Eq. (3.34), we find that  
 
 FWHMdB20 28.6 λλ ∆≈∆ −  (3.37) 
 
for the case of .2/piκ =L   
3.7.5 Relative tuning range 
If the case of filter tunable filters, it is desirable to achieve a 
tuning range that is as large as possible, relative to the FWHM 
bandwidth of the filter itself. The tuning relation is given by Eq. 
(2.36) showing that the tuning can be achieved either by varying the 
difference between the effective indices of the modes ∆N = |NE – 
NM| or by varying the frequency of the SAW (i.e. the SAW 
wavelength λR(Λ)). 
 
To vary the SAW wavelength one could use chirped ASL, i.e. 
periodic structures with varying period Λ. This concept has been 
extensively described in ref. [22] in which the bulk AO tunable 
filter is demonstrated using a linearly chirped ASL. By inserting the 
calculated guided modes into Eq. (2.36) allows us determining the 





Figure 3.28: Relative frequency tuning as a function of center 
wavelength λc. 
 
If the filter is tuned by varying ∆N, then the tuning range can 
be calculated using the phase-matching condition ∆K = 2pi/λ∆N – kR 
= 0. At the center wavelength of the filter and at phase-matching, 
we have 2pi/λ0∆Nc – kR = 0 where ∆Nc denotes |NE – NM| at the 
center wavelength. Due to the tuning mechanism, ∆Nc changes to 
 
 ( )ccc NNN ∆+∆≡∆ δ*  (3.38) 
 
Thus, the phase-matching condition is no longer satisfied at the 
original center wavelength. In order to find out the new center 
wavelength λd at which the phase-matching condition is satisfied, 
we have also to consider that ∆Nd at the new wavelength λd is 
different from ∆Nc, due to dispersion: 
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Inserting Eq. 3.39 into Eq. 3.38 and assumingδ ∆Nc( ) to be 
dispersion-less, ∆Nd  becomes: 
 








λd − λc( )  (3.40) 
 
We know that at phase-matching Λ=∆ /dd λN  and 
Λ=∆ /ccN λ for the cases with and without detuning, respectively. 
By inserting these relations into Eq. 3.40 and denoting the tuning 
range as ∆λT ≡ λd − λc , we obtain: 
 





























NN  (3.41) 
 
According to Eq. 3.41, the tuning range mainly depends on the 














at κL = pi / 2 . 
3.8 Fabrication tolerances 
In practical cases the performance of an AO filter are limited 
by fabrication tolerances, i.e. intrinsic errors of the technological 
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processes used for the device. Imperfections such as non uniformity 
in Λ  or effective indices (NE, NM) along the device can lead to 
deviations from the phase-matching condition, i.e. 0/ 1 ≠∂∆∂ xK , 
that will subsequently induce broadening of the passband. In 
addition, this also produces a reduction in the maximum efficiency. 
We believe that the error in Λ can be considered negligible thanks 
to the photolithography precision while the error due to refractive 
index variation, e.g. Ti-LiNbO3 channel waveguide and/or variation 
in the birefringence of the LiNbO3 crystal, is more likely to occur. 
Errors in birefringence lead to a reduction in the interaction length 
and thus in optimum filter length, as it is given by Eq. (2.47). Errors 
due to waveguide fabrication will lead to certain maximum 
interaction length which is named the coherence length (Lc), as we 
introduce in the following part. 
 
We assume that we are converting from a TE mode (NE) to a 
TM mode (NM) via an AO interaction. In the ideal case, for 
maximum power conversion into the TM mode, the following 
condition needs to be satisfied: 
 
 ( ) ( )( ) piλpiλpi 2/2/2 NLNLN EcMc =−  (3.43) 
 
However, due to the errors, the converted electromagnetic field 
start going out-of-phase and the total power in the TM mode will 
thus start decreasing. This poses a limit on the length of the 
structure to a value Lc. In fact the phase difference between the TE 
and TM mode at the end of the structure should not exceed pi  with 
Chapter 3 
     87








111 2)()(/2 pipiλpi  (3.44) 
 
We have assumed that the error is linear in x1 as given by 
( ) 11)()(1)( /)( xxNNxN EMEMEM ∂∂+= . By inserting this relation into 













3.9 Summary on the AO filter design 
Based on the previous sections, the following table presents the 
summary of the required parameters that need to be taken into 
account in order to obtain the desired performance filter 
performance.  
Table 3.2: Summary of critical parameters for the design of an 
AO filter. 
Objective AO Requirement 
Telecommunication window λc = 1456 nm (E-band)  
with 6 nm wide Ti-LiNbO3 
Maximum efficiency piκ )2/1( += lL  
Small FWHM bandwidth κL = pi/2, small, large L,  
L = 10 mm 3.2≈∆ FWHMλ  nm 
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Small -20 dB distance Small κ, 
4.143.620 =∆≈∆ − FWHMdB λλ nm 
 
From Table 3.2, one can conclude that κL = pi/2 for optimum 
configuration. Taking into account the fabrication errors, the 
optimum value for L of the ASL filter structure should be smaller 
than the coherence length (Eq.3.45). To counteract the attenuation, 
the AO coupling should be larger than 30 α  for more than 90% 
polarization conversion.  
  
89 
Chapter 4 - Fabrication and characterization of 
ASL based AO filters 
4.1 Introduction 
This chapter describes the fabrication process of the designed 
ASL based integrated AO filters as well as the characterization 
techniques and set-ups. The fabrication processes of the ASL 
structure and of the subsequent coplanar electrodes, which are the 
building blocks of the ASL transducer, will first be presented. This 
will be followed by a description of the Ti-LiNbO3 channel 
waveguide fabrication. RF characterization of the fabricated ASL 
transducers will then be presented. Furthermore, the scheme of laser 
interferometry measurement is presented for imaging the SAW 
displacement. Optical characterization that includes loss 
measurement of the optical waveguide and AO filter response 
studies will be presented. 
4.2 Device fabrications 
Device fabrications, i.e. PPLN, aluminum coplanar electrodes, 
require lithography processes and wet etching carry out in a clean 
room environment. Two lithography processes are used employing 
negative and positive resists, respectively. The main difference 
between the two processes is that the positive process requires 
etching to get the desired pattern, while in the negative process the 
pattern is obtained through lift-off of photoresist with acetone. For 
clarity, Figure 4.1 and Figure 4.2 show the flowchart for each 






Figure 4.1: Process flow for the fabrication of the coplanar 
electrodes (1) Aluminum deposition with RF sputtering or 
thermal evaporation, (2) spin coating of positive photoresist (S-
1813), (3) photo lithography,  (4) development, (5) wet etching 
in aluminum etchant, and (6) sample cleaning with standard 
cleaning process. 
 
Figure 4.2: Process flow for the fabrication of the coplanar 
electrodes (1) spin coating of negative photoresist (AZ-5214), (2) 
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photo lithography, (3) development, (4) aluminum deposition 
with RF sputtering or thermal evaporation, and (5) lift-off of 
photoresist with acetone. 
 
The steps for each process are the following ones: 
Positive process: 
 
- 1.5 µm thick S-1813 photoresist is spin coated onto the 
sample, 
- Baking on hotplate at 90o C for 5 minutes, 
- UV light exposition using mask-aligner for 5.1 seconds 
(36 mW/cm2 energy), 
- Development using AZ 726 solution for 40 seconds. 
Negative process: 
 
- 1.5 µm thick AZ-5214 photoresist is spin coated onto the 
sample, 
- Baking on hotplate at 90o C for 2 minutes, 
- UV light exposition using  mask-aligner for 5.1 seconds 
(36 mW/cm2 energy), 
- Reverse bake with on hot plate at 90o C for 1 minutes 
and 30 seconds, 
- Flooding (no mask) for 18 seconds (210 mW/cm2 
energy), 
- Development using AZ 726 solution for 1 minutes 20 
seconds. 
The lift-off of photoresist is carried out with acetone. 
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4.2.1 PPLN for 
For the fabrication of ASL structures, electric field poling is 
used [52]
 
Lattice period of the ASL structure (PPLN) will determine
desired center wavelength (
previous chapter. So, although from the design, 20 
transducer is suggested for the filter application, for the sake of the 






First, an insulator is deposited on +Z face
with the desired period (
allowing applying the electric field only on the opened area of the 
substrate surface
LiNbO3 
deionized water. Finally, after the application of the
 
the acoustic superlattice (ASL)
. The scheme of the poling setup is shown in 
Λ ): 15, 20, and 25 
4.3: A scheme of the electric
. Contact is made (see 
surface with a liquid electrolyte consisting of LiCl in 
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λc) of the filter as it is explained in the 
Λ = 15, 20, and 25 
tures with different 





µm periods ASL 
 to obtain gratings 
µm) (Figure 
4) to the exposed 















4: Electrode contact with electrolyte solution (LiCl) for 
5: Microscope image of a sample of fabricated PPLN 
 










The inverted domain (-Z) can be revealed by wet etching in an 
HF solution concentration. The etch rate is around 10 nm/min. The 
revealing of the domain allows the analysis of the quality of the 
poling, and also makes the alignment easier in lithography process 
for electrodes fabrication. Figure 4.5 shows a microscope 
photograph of an example of fabricated ASL structure with 20 µm 
period and 50% duty cycle, the picture obtained after 3 minutes HF 
etching. Note that for the filter application, the samples are not 
etched to reveal the domains in order to avoid unwanted optical 
scattering by the gratings as a result of etching. 
4.2.2 Ti-LiNbO3 channel waveguide 
The Ti-LiNbO3 waveguides are fabricated before the poling 
[52]. A 110 nm thick (τ) Ti film is deposited on +Z face sample 
substrate and the width of Ti strip (WTi) is, e.g. = 5.5 µm, to get a 6 
µm wide waveguide. The samples are then placed inside a furnace 
for Ti diffusion at temperature (T) around 1060oC for 7 hours (t). 
These parameters are also used in the modeling for modal 
calculation (see Chapter 3). A photograph of the fabricated channel 




4.2.3 Dicing and polishing
For the filter application, the wafer is diced to get 25 mm by 15 
mm chip. In order to 




6: A microscope photograph showing 5, 6 and 7 
3 waveguide.
increase the optical coupling input and output 


















Figure 4.7: Fabricate ASL transducer at butt-coupling using 
commercial input and output fibre blocks. 
 
4.2.4 Coplanar electrodes 
The sample is first cleaned with a standard cleaning procedure 
to remove any dirt or any contaminations, e.g. dust, residue of 
photoresists, etc, from the surface of the substrate. The cleaning 
step of 5 minutes is inside a beaker filled with an acetone solution 
and in an ultrasonic bath; after that, the sample is cleaned with an 
ethanol solution and placed on an orbital shaker for about 5 
minutes; and finally the sample is dried up with an N2 gun. If a 
more thorough cleaning is required, a piranha solution could be 
used. The piranha solution is a mixture of H2O2 and Sulfuric 
acid/water with 3:1 composition. Sample cleaning with Piranha 
should be considered only in extreme cases since the heat produced 
as a result of the chemical reaction could induce mechanical stress 
in the LiNbO
addition, an optional 5 minutes cleaning with UV Ozone could also 
be performed.
 
The fabrication flowchart for the electrodes including all the 
steps is shown in 
photograph of a fabricated coplanar electrode is shown in 
4.8. Note that during the alignment with the mask
should be carefully aligned. In particular for the filter application, 
the electrodes have to be aligned so that 
center of the gap region between the electrodes and the electrodes 
are parallel to the waveguide. Errors in the alignment could affect 
the overall filter’s performances. 
 
Figure 4.
electrodes with width 
 
 
3 substrate, hence damaging or breaking the sample. In 
 
8: A microscope photogra
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Figure 4. and 
 
W = 60 µm and gap 
 
Figure 4.
the waveguide is at the 
ph of fabricated coplanar 
GE = 20 
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2. A microscope 
Figure 







4.3.1 RF characterization of ASL transducer devices 
The fabricated ASL transducer devices are characterized using 
a network analyzer (NA) Agilent (PNA 5242) and a Karl Suss PM5 
probe station to determine the S electrical parameters. Signal and 
ground probe tips (Picoprobe) with a separation of 200 µm are used 
for the RF connection to the pad of the electrodes. The one-port 
measurement is performed by connecting one transducer as it is 
illustrated in Figure 4.9, while the two-ports measurement requires 
two transducers: emitting and receiving transducer, as it is shown in 
Figure 4.10. A photograph of the RF characterization setup is 
shown in Figure 4.11. 
 
 
Figure 4.9: Scheme of one-port measurement for the 
characterization reflection response of the ASL transducer. 
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Figure 4.10: Scheme of two- ports measurement that includes 








RF frequency ranging from 100 MHz to 500 MHz with 5000 
scanning points is set by the NA, covering all possible acoustic 
wave resonances in the transducer. 
4.3.2 Laser interferometry measurement
For a direct detection of elastic energy distribution and 
deformation associated to the SAW generated by the ASL 
transducer, the out
using an opti
MINANO group at Institute FEMTO
setup used is similar to that described in ref. 
amplitude detection of out







-plane motion of the substrate surface is imaged 
cal heterodyne interferometer, which is provided by the 
u3| component. The measurement setup is shown 
4.12. 
12: Laser interforemetry measurement setup of SAW 
100
 
-of-plane component, which, in our case, 
 
 
-ST, Besancon, France. The 
[53]. It allows 
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The scanning mechanism uses a reflected laser beam from the 
substrate surface of the sample under measurement. The beam is 
generated by a He-Ne laser source and is modulated by an AO 
modulator (AOM) before it is focused by microscope objective onto 
the sample. The reflected beam is picked up by a fast photodiode 
and is analyzed via an RF spectrum analyzer. A typical measured 
spectrum is shown in the inset of Figure 4.12. The presence of the 
SAW (amplitude of u3 component) will be determined by the 
difference in the amplitude measured at the carrier frequency of the 
AOM and the amplitude measured at the frequency corresponding 
to the sample vibration (the SAW), as described by the inset of 
Figure 4.12. 
4.3.3 Channel waveguides 
Good performance from an integrated optical filter requires 
high quality channel waveguides exhibiting low insertion loss (IL). 
The insertion intensity loss of a waveguide is defined in dB as: 
 









where Pin and Pout are the input and output powers of the 
waveguide, respectively.  
 
There are three primary loss components contributing to the 
fiber-waveguide insertion loss: 1) Fresnel loss, 2) mode mismatch 
loss, and 3) propagation loss [54]. Fresnel loss results from the 
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optical reflections at both ends of a waveguide and can be roughly 
estimated in the following way:  
 
 )1log(20)( RdBlossFresnel −−=  (4.2) 
 
where R = [(1-ni)/ (1+ni)]2 with i = extraordinary (e) or ordinary (o) 
depending on the polarization state of the propagating mode. The 
Fresnel loss at the edges of the waveguide actually can be reduced 
with an index-matching liquid or an antireflection coating [55]. The 
mode mismatch loss is caused by a different field profile between 
an optical fiber and a Ti indiffused LiNbO3 waveguide. This can be 
evaluated by the overlap integral between the two modes. Once the 
insertion, Fresnel loss, and mode mismatch loss are known, the 
propagation loss for the waveguide can be obtained (in the unit of 
dB/cm): 
 




The measurement step for the insertion loss is shown in Figure 
4.13. A pigtailed HP 8168F tunable laser source at around 1550 nm 
is the optical source. A polarization maintaining (PM) fiber is 
aligned along the slow axis for optical transmission measurements. 
A pigtailing station is used to couple light into and out of the 
waveguide through a pair of commercial single mode fiber blocks in 
butt-coupling. The output optical signal is detected with a Ge 






Although three different width (5, 6, a
waveguides are realized, for simplicity we consider here only those 
with 6 
measurements with TE polarized light.
4.3.4 AO measurements 
Integrated AO filter
 
The measurement set up used for AO characterization is shown 
in Figure 




sample. An Optical Spectrum Analyzer (OSA
(AQ6370)
generation, 
from MiniCircuits are employed, this allowing reaching an output 
RF power in excess of 20 dBm The data acquisiti
with a LABVIEW program.
 
 
4.13: Set up for 
-LiNbO
µm width. For those we performed insertion loss 
 
4.15. A Supercontinuum laser source
 pigtailing station
 used to couple light in and out of the waveguide. 
(P) and analyzer 
 is used to monitor the optical output. For 
an HP8642B 
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measuring the insertion loss in 









elength region of interest 
 as that for the optical 
placed before and after the 






) from Yokogawa 
the acoustic 








polarization maintaining and single mode fiber, respectively, 
PC is polarization controller. 
 
Initially a reference optical signal is measured at 
absence of any elastic wave). To this end, the polarizer and the 
analyzer are set to be parallel with respect to each other and the 
output optical power is measu
 
Figure 4.14
15: AO measurement setup. PMF and SMF are 
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: Optical measurement setup.
 
red at the optical wavelength around 
 
 
PRF = 0 (in the 
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the phase-matching, denoted by //P . After that, the same 
measurement is repeated with orthogonal polarizer and analyzer, 
and the output power is measured, denoted by ⊥P . The difference 
between the measured optical powers gives us the reference signal 
denoted by ⊥−= PPP //reff , which will be used for the determination 
of the conversion efficiency (η) as it will be described below. For 
the rest of the AO measurement, the polarizer and the analyzer are 
kept orthogonal to each other.  
 
For the conversion efficiency measurement, the RF frequency 
is set at SAW the resonance frequency resonance, and the input RF 
power is slowly increased. For each input RF power, the optical 
output (P) is measured around the phase matching wavelength. The 














where ⊥−= PPPon . 
 
Bulk AO filter 
 
The experimental setup is somewhat similar to that used for the 
integrated filter measurement, but the beam is coupled into the 
device with a fiber collimator while a second fiber collimator 
picked up the output beam. The distance between the fiber 
collimator and the device is set so that the beam waist in the center 
of the device. Since the sample’s edges are polished at θ = °8 , the 
Chapter 4
 
sample is positioned on th
incoming beam propagates parallel to the electrodes for collinear 
AO interaction, an also at the center of the transducer. To refine the 
alignment, a design with ZEMAX is carried out. 




16: Optical alignment for collinear bulk AO 
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Chapter 5 - Device concepts 
5.1 Introduction 
In this chapter we present the conceptual designs of ASL 
transducer and the corresponding AO filter, together with their 
experimental assessments. Ways of optimizing the filter’s 
performance particularly with respect to the filter efficiency in 
terms of driving RF power will be presented and discussed. 
5.2 ASL transducer for acoustic wave generation 
The characteristics of the excited acoustic wave in an ASL 
transducer are first analyzed. After that, the coupling (K2) 
measurements are carried out to examine the performance of the 
ASL transducer for generating SAW. Transmission measurements 
are performed to characterize the acoustic wave propagation. In 
these measurements, the width and the gap of the electrodes are 
maintained fixed (W = GE = 100 µm), so is their length (10mm), 
with the exception of the coupling measurement where the electrode 
length is varied on purpose. Note that in general the electrode length 
is equal to that of the ASL structure. Finally, to experimentally 
validate the theoretical results of Chapter 3, several devices having 
a pair of coplanar electrodes with different electrode width are 





PPLN with coplanar aluminum electrodes configuration.
 
5.2.1 Characteristics of 
transducer
In order to analyze the characteristics of the excited waves in 
the ASL transducer, the reflectance response (S11 parameter) of the 




MHz and 330 MHz corresponding to the excitation of a Rayleigh 
SAW and of L
velocities, respectively. Two additional dips, which are less 
pronounced, are observed at around 220 MHz and 380 MHz, 
corresponding to the excitation of a leaky SAW (L
2nd-harmonic of the generated SAW, respectively. The L
 
1: A structure of ASL based transducer in ZX
 
ducer the measurements are shown in 
5.2 shows two pronounced dips observed at around 190 
-BAW, propagating at 
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m/s and 6600 m/ 





mainly a shear horizontal (SH) acoustic wave propagating at 4400 
m/s velocity in 
are also observed at 660, 990 MHz, which are not shown for clarity.
 
Figure 5.
µm period ASL transducer.
 
To further investigate the SAW and the L
their dependence on the lattice period (
additional ASL transducers with different lattice periods (15 
and 25 µ
parameters for each device are given in 
The summary of the results is presented in 
experimental results follow well the 
Λ, as well as the SAW and L




2: S11 as a function of RF frequency measured for a 20 





. Higher harmonics L
-BAW excitations and 
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prediction of Eq. 1.1





















measured around SAW resonance frequency for 15, 20, 




25 µm period ASL transducers, respectively.
 
 
3: S11 parameters as a function of RF frequency 
4: S11 parameters as a function of RF frequency 



















configuration as it is shown in 
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ASL transducer (15 
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expect, acoustic wave generation 
Figure 































dashed lines correspond to measurements with and without 
ASL, respectively. 
 
The characteristics of the acoustic wave excited by the ASL 
transducer, e.g. 15 µm periods, are compared with that of a standard 
IDT. To this end 7.5 µm period (λ = 15 µm) IDT consisting of 330 
fingers is deposited on unpoled ZX-LiNbO3 substrate by means of 
lift-off as it is described in Figure 4.2. The measured S11 for the 
ASL and the IDT are shown in Figure 5.6. 
 
 
Figure 5.6: Scattering parameters (S11) as a function of RF 
frequency for 15 µm period ASL and 7.5 µm period IDT 
transducer. 
 
Figure 5.6 shows that in both IDT and ASL transducer a SAW 
is excited at a frequency of 253 MHz. A strong dip for the IDT is 
observed at around 290 MHz, corresponding to the L-SAW 
excitation, which is much stronger than in the ASL case. The weak 
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L-SAW excitation in the case of coplanar uniform electrode ASL 
transducer can be explained by the fact that the electric field is 
mainly produced in the x3 and x2 directions, while, in the case of 
IDT, it has x3 and x1 components. Consequently the 6th component 
of the stress tensor (T) that contributes to L-SAW generation is no 
longer piezoelectrically active as the eE product cancels out. This 
actually prevents satisfying the stress free boundary condition for L-
SAW. 
5.2.2  Coupling (K2) measurement 
To retrieve the electromechanical coupling coefficient (K2) of 
the ASL transducer, various electrode lengths, i.e. 4, 6 ,8, and 10 
mm, are chosen and realized, while keeping the rest of the 
parameters fixed, to assess the influence of the ASL length on the 
transduction efficiency. For this experiment, the ASL structure has 
a period of 15 µm.  
 
The scattering parameters (S11) for each electrode length are 
measured. To determine the coupling coefficient (K2), the impulse 
model (Eq. 2.23) presented in the previous chapter is employed. 


















where Z denotes the characteristic impedance of the system (50 
Ohm). The corresponding radiation conductance (Ga) of the device 
becomes: 
 
 )Re(YGa =  (5.2) 
 
The measured conductance (Ga) for various electrodes length is 
given in Figure 5.7. As it is expected, a strong peak around the 
resonance frequency is obtained, indicating optimum transduction 
in the form of SAW generation. The value of Ga at the resonance 
frequency increases with the electrode length and reaches 
maximized for 10 mm (see Figure 5.7(d)), as a consequence of a 
maximum overlap between the electrodes and the ASL domain. By 
fitting the experimentally obtained conductance Ga using the 
expression given in Eq. 2.23. the electromechanical coupling 
coefficient (K2)  could be obtained and is shown in Figure 5.8. 
 
Figure 5.
different electrodes length: (a). 4 mm, (b). 
(d). 10 mm. 
The insets illustrate the variation of the electrode length with 
respect to that of the ASL.
 
Figure 5.
(K2) of the ASL as a function of electrode length. The dashed
line denotes the average 
 
7: Conductance (
Solid lines denote the corresponding fitting curves. 






les) of the ASL samples with 










The average K2 obtained is approximately 0.3% while a 
theoretical value is of 0.53% given in Table 2.3 for ZX-LiNbO3. 
But, as it is shown in Figure 5.8, K2 decreases as the length of the 
electrodes increases, indicating that the overlap between electrodes 
and inverted domains is not the only parameter to be taken into 
account for device optimization. A possible explanation for this 
dependence on length lies in the increase of diffraction losses with 
propagation distance as well as in the existence of imperfections in 
the ASL structure. 
5.2.3 Transmission measurement 
In the transmission measurement, in addition to the emitting 
ASL transducer, a receiving ASL transducer having similar 
characteristics is placed about 100 µm (about 6.5 lambdas with λ = 
15 µm) away from the emitter to pick up the transmitted acoustic 
waves. Two-port measurement to determine the S21 parameter is 
performed along with the S11 parameter. 
 
Figure 5.9 shows the S21 measured at the SAW frequency (253 
MHz), which appears to be small, showing that there is little 
collected signal of the SAW at the resonance frequency. Given that 
the distance between the transducers is only about 6.5λ, these 
results, therefore, imply that the SAW energy propagating away 
from the transmitter is significantly small. In other words, this 
suggests that a large portion of the SAW energy is localized within 
the emitter, which basically confirms the modeling that was 
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presented in Chapter 3. Unlike the SAW, the L-BAW measured at 
440 MHz propagates away from the transmitter as it is also 
indicated by the corresponding relatively large S21 value. 
 
Figure 5.9: S21 and S11 parameters as a function of RF 
frequency for ASL transducers with 15 µm lattice period. Blue 
and red lines denote the measured S21 and S11, respectively. 
 
5.2.4 Experimental on validation of the SAW modal excitation 
on the ASL transducer 
In this measurement, various coplanar electrodes with different 
of electrode width, (W = 40, 60, 80, and 100 µm) and W = GE fixed, 
is deposited on 20 µm period ASL structure and S11 measurement 
is performed on each device. The electrode length is fixed at 10 mm 
for maximum transduction as explained previously. Figure 5.10 
shows the scattering parameters (S11) of each measured device as a 




The dips suggest the presence of excited SAW modes in the 
ASL transducer. For the sake of clarity, the modal velocities (
a function o








from both calculations, e.g scalar approximation and
simulation, and measurements as a function of the electrode width 
(W) are shown. The measured values differ slightly from those 
obtained with the calculation. This is probably related to the fact 
that the number of periods of the ASL transducer in the
is finite as opposed to the infinite number considered in the 
 
f the electrode width (
Figure 5.
10: Measured scattering parameters (S11) as a
=GE=40, 60, 80, and 100 
5.11, the calculated normalized modal SAW velocity 
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11). 









simulation. The number of measured excited modes and its trend 








To have a confirmation of the energy distribution of th
the out-plane motion of the substrate surface is imaged using an 
optical heterodyne interferometer following the measurement 
scheme shown in Figure 4.12. We show the results in 
and the crossed
shown in 
direction is about 0.7 nm and the periodic shape reflects the spatial 




11: Normalized modal velocity as a func
W) in a 20 
triangles), respectively. 
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µm period ASL transducer 
 


















Figure 5.12: Optical mapping of the out of plane component of 
the fundamental SAW mode excited at frequency 189.8 MHz 
detected using laser-probing technique on the ASL transducer 
with W = GE = 60 µm. 
 
 
Figure 5.13: The cross-section of the acoustic beam profile along 
x2 on the ASL transducer with W = GE = 60 µm. 
 
5.3 Integrated ASL based AO filter 
The ASL transducer described above is employed for integrated 
AO filter devices
is illustrated in 
µm lattice period ASL structure and coplanar electrode with 
= 100 µm and a 6 
optical waveguide is first characterized to determine the insertion 
loss. Subsequently AO measurements are performed.
 
Figure 5.
converter based on ASL transdu
 
5.3.1 Loss measurement for optical Ti
waveguide
The optical loss measurement is carried out using the setup 
shown in Figure 4.13. First, the output power is measured without 
 
. The conceptual design of the integrated AO filter 
Figure 
µm Ti
14: Scheme of the proposed integrated AO polarization 
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placing the waveguide for determination of the reference signal. 
Two this end, the two fiber blocks are butt-coupled. The output 
power is measured to be -11.1 dBm. Subsequently the output power 
measurement is repeated with a waveguide placed on a translational 
stage between the fiber blocks. The insertion loss of the waveguide 
is thus basically determined by the difference between the measured 
output powers with and without the waveguide.  
 
Three waveguides separated by 818 µm from one to another are 
characterized. Table 5.2 summarizes the insertion loss for all 
measured waveguides. The waveguide 3 has the lowest insertion 
loss and will be employed for throughout filter applications.  
 





Insertion loss (dB) 
1 -19.02 7.92 
2 -17.31 6.20 
3 -16.89 5.79 
 
5.3.2 AO measurements 
We initially characterize the ASL transducer by measuring the 
scattering parameter S11 and obtained the SAW resonance 
frequency at fa = 189.94 MHz. The corresponding impedance match 
of the device around that frequency is measured to be about 65 Ω. 
After the electro-acoustic characterization, we measure the AO 
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response. By keeping PRF constant at 500mW, the RF frequency fRF 
is swept around the resonance frequency fa and the optical output is 
measured around the phase matching wavelength (center 
wavelength), λc = 1456 nm (Figure 5.15). The values reported in 
Figure 5.15 are normalized to the peak value at phase-matching 
(∆=0). At an RF power (PRF) of 500mW and frequency (fRF) equal 
to fa (189.94 MHz), the output optical intensity is measured as a 
function of the wavelength (Figure 5.16). The 3-dB optical 
bandwidth (FWHM) ∆λFWHM is 2.51 nm. From Figure 5.15 the 
acoustic FWHM (∆f) is estimated to be about 310 kHz which is in 
good agreement with the theoretical prediction (∆fth) ∆fth = fa 
(∆λFWHM/λc) = 327 kHz. From these data and using Eq. 2.45 we can 
estimate an interaction length Li=9 mm, very close to the physical 





Figure 5.15: AO modulation as a function of RF frequency at 
center optical wavelength (λc =1456 nm) for a PRF of 500mW. 
 
 
Figure 5.16: Optical modulation as a function of optical 
wavelength λ0 for input RF power of 500 mW and RF 
frequency of 189.94 MHz. 
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The polarization conversion efficiency (η), i.e. the ratio 
between converted and transmitted power in the absence of RF 
signal, as a function of RF power is shown in Figure 5.17, for 
values of PRF ranging from 100 mW to 1600 mW. One can estimate 
that 90% conversion is reached for PRF =1W. This shows that the 
proposed integrated AO device is significantly more efficient than 
its bulk counterpart previously reported, where, for the same input 
power, only around 40% mode conversion is achieved [9]. The shift 
in the center wavelength reported in Figure 5.18 for different PRF is 
mainly due to thermal drift associated to RF dissipation, as it has 
already been reported elsewhere, including ref. 9. 
 
 
Figure 5.17: Optical conversion efficiency (η) versus RF power 
(PRF) for the integrated AO filter. The continuous line is a 




Figure 5.18. Shift of center wavelength (λc) observed for 
different RF power (PRF). The continuous line is a fitting curve 
to the data. 
 
The -20 dB (∆λ
-20dB) distance of the filter is 14.49 nm inferred 
from Figure 5.19, which is not far from the design value of 14.4 nm 
(see Tabel 3.2). 
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Figure 5.19: Optical modulation as a function of optical 
wavelength λ0 for an RF input power of 500 mW and RF 
frequency of 189.94 MHz. Inset shows the -20 dB distance (∆λ
-
20dB). 
5.4 Bulk AO filter 
A scheme of the filter is shown in Figure 5.20. The filter 
consists of an ASL transducer with 20 µm period ASL structure and 
W = GE = 100 µm coplanar electrodes, corresponding to L-BAW 
excitation at a resonance frequency fa = 330 MHz. Using the 
calculated bulk refractive indices, ne(o) given in Chapter 3, the phase 









characteristics of the AO response. The RF frequency (
swept around the resonance frequency 
power is measured at the phase
is shown in 
same measurement is repeated, but the RF frequency is fixed at the 
phase-matching frequency, 
swept around the expected 
and the result is shown in 
RF input power (
wavelength is 
is not far from the theoretical value.
 
 
20: Scheme of the proposed bulk AO pola
θ = 8ο
of measurements is carried out to determine the 
Figure 5.21
PRF




, with the peak measured at 
328 MHz, and the optical wavelength is 
phase-
Figure 5.
) is fixed at 1 W. The measured center 
fa = 330 MHz and the output 
matching wavelength 147
22. For each measurement, the 
 
rization 
fRF) is first 
328 MHz. The 
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Figure 5.21: AO modulation as a function of RF frequency at 
center wavelength (around λ=1473 nm) for a PRF of 1 W. 
 
 
Figure 5.22: Optical modulation as a function of optical 
wavelength λ0 for an RF input power of 1 W and RF frequency 




To determine the performance of the filter, the efficiency (η) 
measurement is performed by increasing the RF power from 250 
mW to 2 W. The RF frequency is fixed at 328 MHz, and the optical 
wavelength is swept around the center wavelength λc = 1472.5 nm. 
The output optical power is measured at the center wavelength. The 
results are shown in Figure 5.23. Due to the RF dissipation, as it 
was described earlier, the center wavelength of the bulk filter is 
shifted with the RF power (Figure 5.24). 
 
 
Figure 5.23: Optical conversion efficiency (η) versus RF power 
(PRF) for the bulk AO filter. The continuous line is a fitting 
curve to the data. 
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Figure 5.24: Shift of center wavelength (λc) observed in 
different RF power (PRF). The continuous line is a fitting curve 
to the data. 
 
Clearly, from Figure 5.23, full conversion cannot be reached 
even at RF power up to 2 W. Comparing to the integrated 
(waveguide) filter discussed previously, the efficiency of the bulk 
filter is inferior. The bulk filter’s performance could be possibly 
improved by focusing more the beam onto the substrate surface 
where the elastic energy of the L-BAW is mostly concentrated. In 
this way, it could increase the overlap integral between the optical 
and the acoustic L-BAW beams. 
5.5 Optimization of integrated AO filter structures 
5.5.1 Introduction 
The proof of concept ASL based monolithic integrated and 
bulk AO filters have been demonstrated in the previous section. 
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However the RF power required to achieve full polarization 
conversion is still high, e.g. 1 W for the case of integrated AO filter. 
So, in this section ways of optimizing the filter’s performance 
particularly with respect to the filter efficiency in terms of driving 
RF power are presented and discussed. 
5.5.2 Coplanar electrodes optimization for high AO coupling 
To obtain optimum filter efficiency in accordance with Eq. 1.40 
there are two parameters that need to be taken into account: the 
figure of merit M2 given by Eq. 2.41 and the acoustical power 
density PA  = PR/w. As discussed previously, the figure of merit is 
basically an intrinsic property of the crystal (ZX-LiNbO3) and also 
of the Ti-LiNbO3 channel waveguide being used to confine the 
optical mode, the efficiency thereby merely depends on the 
acoustical power density PA. There are then two possible ways to 
increase the power density PA: either increasing the SAW power PR 
or reducing the acoustic beam width w. 
 
The SAW power PR radiated by the transducer is proportional 
to the radiation conductance Ga according to Eq. 2.23. Due to the 
fact that K2, N, and fR are usually fixed parameters that are solely 
determined by the properties of the PPLN structure, it is clear from 
Eq. 2.23 that the acoustical power PR can be increased by increasing 
the static capacitance of the transducer, CT. The acoustic beam 
width w can for its part be reduced via lateral confinement of the 
acoustic displacement that can be accomplished by means of SAW 
waveguides as pointed out in Chapter 1. For that reason, and given 
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the profiles of the acoustic mode calculated in Chapter 2, the 
FWHM of the acoustic beam (w) can be used as a figure of merit to 
have maximum power conversion efficiency. 
 
In order to set an ASL design that would attain maximum filter 
efficiency by means of improving the acoustic power density PA, 
we performed numerical simulations in COMSOL as outlined in 
Chapter 3, by considering the following electrode width: W = 60, 80 
and 100 µm; and for each width W, the gap GE is varied from 20 to 
100 µm. A lower limit of 20 µm is imposed to the electrode gap in 
order to ease the fabrication process by leaving enough space to 
allow for the placement of an optical waveguide with 6 µm lateral 
width in the metal-free area. The overall length of the device is 
fixed to 10 mm. A FEM analysis in COMSOL is performed to 
compute static capacitance CT of 10 mm length coplanar electrodes 
and the symmetrical SAW mode, i.e. the fundamental mode, is 
calculated employing the scalar approximation described in Chapter 
2. 
 
In Figure 5.25 we show the calculated capacitance as a function 
of the electrode gap (GE). From the figure we can derive that the 
optimal values for both CT and w (represented in the plot through 
the FWHM of the acoustic beam) are obtained when the electrode 





Figure 5.25: Calculated total static capacitance (CT) (left) of the 
coplanar electrodes on ZX-cut LiNbO3 and full-width-half-
maximum (FWHM) of the acoustic beam (right) as a function of 
electrode gap. 
 
Next, in order to find an optimum configuration for the 
electrodes for low driving power, we computed the AO coupling 
coefficient κ as given by Eq. 2.43 with l = 0, for varying electrode 
widths (from 40 to 140 µm), while keeping GE fixed at 20 µm. To 
this aim the electromechanical coupling coefficient K2 of the ASL 
transducer is assumed to be around 0.53% taken from the value for 
ZX-LiNbO3 given by Table 1.3. The refractive indices for both TE 
and TM modes of the 6 µm wide optical waveguide at phase-
matched wavelength (center wavelength) λc = 1455.5 nm are taken 
from the simulated results in Chapter 3. The photo-elastic constant 
p41=0.05 is taken from [22] and we assumed vR = 3795 m/s. The 
computed coupling coefficient κ  is plotted in Figure 5.26 against 
the electrode width 




with the maximum obtained with 
width varied from 40 t
µm. 
 
Based on the above results, several ASL transducers with 
different electrode width 
(GE) fixed at 20 
performed with the same experim




κ is obtained at W=70 
26: Calculated AO coupling coefficient, normalized 
µm are fabricated. The AO measurement is 
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. Now, considering all the simulation results, 
iguration, i.e. maximum AO coupling 
µ
o 140 µm, while keeping GE fixed at 20 
W = 60, 70, and 80 
 
m at GE= 20 µ
W = 70 µm, as the electrode 
µm and electrode gap 











Dashed lines are fitting 
 
From the figure, we can see that nearly complete optical 
switching is achieved at low electrical powers (about 50mW) for an 
ASL transducer having an electrode width 
20 µm. This result represents an improvement by a factor of 20 
compared to previous results shown in Chapter 5. To get an idea of 
this device performance in terms of power consumption, our AO 
filter is compared to filter designs reported e.g. in ref. 
paper, the authors demonstrated a very low power AO filter with a 
2mW driving power over a 45 mm length. By scaling our own filter 
down to the same length, the expected driving power of the 
proposed ASL filter will be of the order of 10 mW, which compares 
well with the required power for the filters proposed in 
 
27: Power conversion efficiency versus RF power.
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function. 
W = 70 µm and gap 
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5.5.3 Mass-loading for diffraction less and confined SAW 
As it was pointed out in Chapter 1, SAW devices are 
commonly based on IDTs deposited on piezoelectric substrates, 
which generate wide-beam SAW. Diffraction effects, particularly in 
the case of small acoustic aperture, set the limit for local power 
densities. SAW waveguides have been proposed as a solution to 
overcome such issue [27], [30], [31], [36]. In fact, The SAW 
waveguide term implies a geometrical structure which confines the 
lateral extent of the SAW. Different methods have been proposed to 
obtain SAW waveguides for example strip and slot type waveguide 
realized through mass-loading [27], [36], Ti or proton indiffusion 
[30], [31]. These techniques allow increasing the acoustic power 
density, which can in particular lead to an improvement in acousto-
optical (AO) coupling for integrated AO filters [24], [27], [30], 
[31], [36]. Some problems, however, related for instance to acoustic 
losses associated with mass-loaded waveguides [36] or to a possible 
increment of optical loss as in Ti-diffused geometries, might reduce 
the benefit of their use. 
 
In the previous chapter, the ASL transducer has been 
demonstrated as an alternative for acoustic wave generation, i.e. 
SAW. It has also been shown from the simulation (see Chapter 3) 
and experimentally demonstrated by direct imaging of the acoustic 
displacement with laser interferometry measurement presented in 
the previous section that the excited SAW generated in an ASL can 
be localized and confined within the region between the electrodes 
making ASL transducers easily integrable with optical waveguides, 
Chapter 5 
 138
and thus a good candidate for integrated AO filters. Indeed, the gap 
between the electrodes in ASL based transducers allows placing the 
optical waveguide in a metal-free region. 
 
As it was shown in the previous section, the filter performance 
can be significantly improved by optimizing the geometry of the 
ASL transducer, which enhances the lateral confinement (w) of the 
SAW resulting in large acoustic power densities, and hence 
improving the AO coupling. To enhance even further the lateral 
confinement (w) of the acoustic field in view of obtaining large 
acoustic power densities in the gap, a way of confining the SAW is 
required. As in the case of IDT, confinement of the acoustic power 
can be achieved by means of mass-loading, which is realized 
through deposition of materials to decrease the SAW velocity. A 
further requirement, from an acousto-optical point of view, is that 
the deposited material needs to be optically transparent in order to 
prevent optical losses. 
 
Here, localized confinement of SAW field in ASL transducers 
accomplished through deposition of a stack of thin films made of 
gold on silica is proposed. The stack acts as a guiding medium on 
the substrate surface, confining the wave within the gap region 
between the electrodes. Gold, a high density material, is used as the 
load to decrease the SAW velocity; the SiO2 layer acts as a buffer 
layer for the optical waveguide and aims at preventing optical 
losses. As reported in ref. [36], the combination of these two layers 
enables to reduce the SAW velocity of about 3.5%. The 
aforementioned possible drawbacks associated to mass loading in 
IDT-SAW structures, such as additional acoustic and optical losses, 
are avoided in the proposed mass
 
Figure 
consists of an ASL transducer (ASL structure and coplanar 




frequency measured for the sample without (black dash
line) and with (red solid line) mass loading, respectively. The 
inset shows 2
Au/SiO2 
medium for the SAW.
 
In modeling the device, COMSOL simulation is performed and 
the model structure is defined following the analysis described in 
Chapter 3. Material constant
ref. [39]. The thicknesses of the Au and 
400 nm, respectively. 
 
5.28 (inset) illustrates the geometry of the device, which 
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result, i.e. that the SAW field is confined within the gap region and 
its beam width is about 45 µm at a frequency of 187.56 MHz.  
 
 
Figure 5.29: Computed normalized displacement profile of the 
confined SAW at frequency of 187.56 MHz. 
 
We then fabricate the calculated device with the step of 
fabrication described in Chapter 4. A stack consisting of a 150 nm 
thick Au layer, deposited onto a 400 nm thick SiO2 thin film, is 
deposited on the gap region using a lift-off process (see Chapter 4) 
to fabricate the acoustic waveguide (20 µm wide and 10 mm long).  
 
In Figure 5.28 we compare the reflection responses (S11 
scattering parameter) of the same sample measured, following RF 
measurement scheme described in Chapter 4, before and after the 
deposition of the acoustic guiding layer. We can see a strong dip at 
a resonance frequency around 189.9 MHz in both cases, which 
corresponds to the expected SAW generation in ZX-LiNbO3. An 
Chapter 5 
     141
additional dip however appears at lower frequency around 187.5 
MHz in the mass-loaded sample. This additional dip corresponds to 
a confined, slower velocity SAW field. 
 
To detect the confinement we have carried out a direct 
measurement of the elastic displacement field on the mass-loaded 
sample. A scanning heterodyne laser interferometer with the 
measurement setup described in Chapter 4 is employed to obtain a 
map of the out-of-plane component of the surface acoustic wave 
motion at 187.5 MHz, i.e. where the additional dip in the electrical 
response is observed. The measurements are reported in Figure 5.30 
(b), along with a microscope picture of the sample (Figure 5.30 (a)) 
on the same scale, which can be used as a reference for locating the 
elastic field in the device. The measured acoustic beam width is 






Displacement profile of confined SAW field scanned with laser 
interferometry at RF frequency of 187.5 MHz.
 
To further investigate the characteristic of the confined S
field and to demonstrate at the same time its potential application to 
AO filters, we have performed AO polarization conversion. The 
characterization setup and the measurement steps are described in 
Chapter 4. For comparison we characterize both samples
without mass loading, in order to evaluate the impact of SAW 
confinement in terms of reduction of the driving RF power (
required for maximum mode conversion. The polarization 
conversion efficiency (
power at the phase
The results are shown in 
1 mW to 300 mW.  We can estimate that the maximum conversion 
(about 90%) is ac
unloaded sample at a frequency of 189.9 MHz, while 70 mW RF 
 
30: (a) A microscope picture of the sample(b) 
- matching wavelength centered around 1456 nm. 
hieved at about 200 mW RF power for the 
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η) is then measured as a function of the R
Figure 5.31, for values of 
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power is sufficient in the case of the mass-loading ASL device at a 
frequency of 187.5 MHz. The SAW confinement hence induces a 
significant enhancement of the polarization conversion efficiency 
by a factor of 3. The output optical intensity as a function of optical 
wavelength is then measured for the sample with mass loading at an 
input RF power of 63 mW. The obtained results, reported in Figure 
5.31(inset), show that the 3-dB optical bandwidth (FWHM) is of the 
order of 2.57 nm, which corresponds to an AO interaction length of 
9.7 mm, as it is estimated using Eq. 2.45. This value is very close to 
the physical ASL transducer length of 10 mm, which implies that 
the SAW confinement is across the entire physical length of the 
transducer and acoustic and optical losses are negligible. 
 
 
Figure 5.31: Optical power conversion efficiency as a function 
of electrical (RF) power: for mass-loaded sample (circles) and 
unloaded, reference, samples (rectangles). The inset shows 
output optical intensity modulation as a function of optical 
wavelength measured on mass loaded sample at RF power of 63 
mW and frequency of 187.5 MHz. 
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Chapter 6 - Conclusions and future outlook 
6.1 Main thesis results 
Acoustic superlattices (ASLs) made of periodically poled ZX-
cut lithium niobate (PPLN) associated with coplanar electrodes 
called ASL transducers have been proposed and investigated for the 
first time as an effective alternative for SAW generation. Two 
modeling techniques, i.e. scalar approximation and FEM analysis 
(2-D and 3-D modeling) implemented in COMSOL 
MULTIPHYSICS, have been developed and employed to examine 
the acoustic transduction in the ASL transducer. Both techniques 
give similar results with respect to the characteristics of generated 
SAW modes. The calculated results obtained with the 3-D FEM 
simulation confirm the Rayleigh nature of the generated SAW, 
showing that the excited SAW in the ASL is similar to that of its 
IDT counterparts.  
 
From the propagation analysis in 2-D FEM simulation, it has 
been shown that in addition to the SAW, the ASL transducer excites 
longitudinal bulk acoustic wave (L-BAW). This analysis also shows 
that the SAW excitation in the ASL transducer is mainly induced by 
the E3 electric field component, whereas the E2 component induces 
the excitation of the L-BAW. Moreover, the 2-D model shows that 
the SAW excited by the ASL transducer does not propagate but it is 
rather confined within the transducer. 
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Several ASL transducers, with different lattice periods, have 
been realized and characterized, also to validate the modeling and 
design tools. One and two-port electrical measurements have been 
performed to evaluate the electro-acoustic response. In addition 
laser interferometry has been carried out to determine the out-of-
plane component of the SAW displacement. With respect to the 
standard IDT configuration using the same crystal orientation, the 
efficiency of the SAW generation in the proposed designs is similar, 
while, for the same grating period, the resonance frequency that can 
be achieved is two times larger. In addition to the SAW, unlike its 
IDT counterparts, the ASL transducer can excite the L-BAW, as it 
had been predicted by the modeling. The two-port measurements 
have shown that the SAW signal collected at the receiver is small, 
indicating that the SAW energy remains essentially confined within 
the transmitter. This experimental result too is in agreement with 
the aforementioned theoretical predictions.  
 
After the experimental validation of the modeling, AO filters 
incorporating the ASL transducer have been designed and 
fabricated. ASL structures with 20 µm period and coplanar 
electrodes have been realized along with 6 µm wide Ti-LiNbO3 
optical channel waveguide. In that way monolithic and integrated 
(waveguide) SAW based AO filters and L-BAW based bulk AO 
filters have been demonstrated. As for integrated SAW based AO 
filter, a 3-dB optical bandwidth of 2.5 nm, center wavelength of 
1456 nm, and -20 dB distance of 14.49 nm are obtained at the SAW 
resonance frequency of 189.94 MHz. Such filter requires 1 W RF 
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power to achieve nearly complete polarization conversion. As for 
the bulk AO filter, a center wavelength of 1472.5 nm is measured at 
the L-BAW resonance frequency of 328 MHz. In the bulk AO filter, 
full conversion cannot be reached even at RF power up to 2 W. 
Comparing to the integrated (waveguide) filter, the efficiency of the 
bulk filter is significantly lower. The AO filter’s central wavelength 
can be tuned by changing the RF power. 
 
Several designs to improve the AO filter efficiency have been 
investigated. By optimizing the ASL transducer (coplanar 
electrodes with electrode width of 70µm and gap of 20µm), nearly 
complete optical switching at very low electrical powers (50mW) 
has been obtained, this corresponding to an improvement factor of 
20 compared to previous results. An appropriate mass-loading, 
placed on the surface and in between the electrodes of a coplanar 
LiNbO3 ASL, has allowed achieving strong lateral confinement of 
the acoustic field, thus leading to a significant improvement of the 
AO filter performance.  
6.2 Future outlook 
6.2.1 ASL transducer 
ZY-LiNbO3 based ASL transducer 
 
With respect to the ASL transducer, the ZX-LiNbO3 substrate 
used in the experiment is in fact the cut that has the lowest 
electromechanical coupling coefficient (see Table 2.3). Since the 
electric poling technique, considered to be the most feasible 
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technology for PPLN fabrication in this work, works mainly for Z-
cut LiNbO3 substrate, so the ZY-LiNbO3 (domain walls parallel to 
x1 axis) having K2 = 2.25% (see Table 2.3), which is almost 5 times 
larger that that of ZX-LiNbO3, can be considered as an alternative 
substrate. One problem with ZY-LiNbO3 is that the domain walls 
would be in the x3-x1 plane, sometimes difficult to achieve since the 
natural inversion under electric field is on the x3-x2 plane. 
 
Sub-wavelength SAW confinement 
 
Apart from the mass-loading waveguide, the lateral SAW 
confinement may also be achieved with a defect line in the ASL 
structure. The fact that the SAW is not propagating in the ASL 
transducer suggests that the ASL structure supports a bandgap for 
the SAW. In fact, the presence of the bandgap in the ASL structure 
has been demonstrated in [58] for the case of plate wave. So, 
assuming that the ASL indeed supports the bandgap, one can 
introduce a line defect in the gap region, which is similar to the line 
defect in phononic crystals waveguide [59]. Here the line defect is 
basically an unpoled LiNbO3 section. In this way, sub-wavelength 
SAW confinement can in principle be achieved. 
6.2.2 Integrated AO filters 
Despite the reported improvements in terms of RF power 
reduction, the ASL based integrated AO filters investigated in this 
thesis still present large bandwidth (∆λFWHM > 2 nm) and relatively 
large cross-talk (∆λ
-20dB = 14 nm). In addition they are not 
efficiently tunable. Indeed, the tuning mechanism can be somewhat 
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achieved via RF power, however, it is not controllable and 
inefficient due to thermal dissipation. The dependency on the 
polarization of the incoming light beam limits the applicability of 
these devices in several specific applications, for example when 
they are placed in-line in an optical telecommunication link. For 
these reasons the proposed devices require further development for 




According to Eq. 2.45 the filter bandwidth (∆λFWHM) can be 
reduced by increasing the device length. For example a bandwidth 
of 1 nm can be achieved if the active filter length is 20 mm (see 
Figure 3.27). In general, the longer the length the higher the 
attenuation of the SAW. This would limit the expected efficiency 
improvement (half of power consumption) associated to a longer 
active length. However, in our case, the elastic energy does not 
propagate, so the attenuation effects are reduced. Furthermore, 
improving the filer bandwidth will also consequently improve the 
cross-talk (∆λ
-20dB). Using Eq. 2.37, a cross-talk as low as 6.28 nm 




Wavelength tuning can be achieved by using a chirped ASL 
structure, for example 5 nm/MHz tuning range can be obtained 
according to Figure 3.28. In this case, if one wants to maintain the 
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bandwidth and efficiency, the overall device length must be 
increased.  
 
Apart from the chirped ASL, employing the defect line ASL 
structure described previously in conjunction to mass-loading with 
SiO2/Au stack opens up another design of integrated AO tunable 
filter. The tuning can be achieved by the electro-optic (EO) effect. 
In fact, the line defect between the coplanar electrodes allows 
placing the optical waveguide under uniform domain, so that the 







rNNN MME ≈−  (7.1)
 
where VDC, r33, and τ are the applied DC voltage, EO coefficient, 
and penetration depth of DC field, respectively. Here, the overlap 
integral between the DC field and the optical field is assumed to be 
1. By substituting Eq. 7.1 into Eq. 2.41 and omitting the dispersion 













Polarization independent operation 
 
Polarization independent AO filters can be achieved by using 
polarization beam splitters (PBS) or directional couplers that are 
placed at the device input and the output. The input PBS will split 
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the incoming signals into two branches based on their state of 
polarization (TE or TM polarized mode), while the output PBS will 
combine the converted signals. 
6.2.3 Emerging application of ASL transducers 
Apart from the fields directly related to the thesis work, the 
ASL structures offer other possible applications. We will list a few 
of them in the following paragraphs.  
 
For example the metal free region between the electrodes of our 
transducer can be used as an active region to place nanostructures 
for enhancing the sensitivity of SAW based sensors. Compared with 
SAW delay line based SAW sensor using two IDTs (two-port 
device) [60], using the ASL allows the sensor to be realized in one-
port configuration (reflective mode). This configuration is more 
compact. The mass-loading ASL structure (Figure 5.28) can also be 
used for launching surface plasmon polaritons (SPPs). Unlike 
passive metallic grating [61], the grating can be made active by the 
SAW. This will make it possible an electrically switchable SPP 
launcher. The first demonstration of active SPP launcher has been 
presented in [62], in which the IDT and metallic gold strip are 
employed and placed at a certain distance from each other. This 
would be the first time that ASL transducer are employed for this 
double purpose. 
 
The fact that with ASLs one can launch traveling L-BAW may 
also find interesting applications in medical imaging, nondestructive 
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testing, and L-BAW delay line. For delay lines, for example, ASL 
structures based on “crossed-field” configuration have been 
demonstrated in ref. [63]. In these structures the electrodes gap is 
fixed by the physical dimensions of the crystal. In the ASL 
transducer proposed by this thesis the distance between the 
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